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ABSTRACT 
The aim of this research is to obtain a meaningful rheological 
characterization of defl~cculated china clay suspensions. It is 
generally true that in the study of suspensions relatively little 
successful work has been carried out on the flo~properties of highly 
concentrated suspensions as compared with dilute suspensions; it was 
decided therefore that the work, presented in this thesis, should be 
confined to the study of higher concentration suspensions. A survey 
1s given of previous work on the.rheological characterization of 
suspensions and the reasons for choosing the clay suspens1ons 1n 
particular, are discussed. Since a knowledge of the microscopic nature 
of the particles in suspension is important for the understanding of 
the macroscopic behaviour of the suspensions, a detailed account of 
the relevant aspects of clay and its rheological behaviour is presented. 
The .investigation consists of a theoretical and experimental study 
of the suspensions. The experimental results are obtained by using a 
commercial rheometer, the Weissenberg Rheogoniometer. Experiments are 
performed which include steady shear studies, oscillatory shear studies 
and studies of a combined steady and low-amplitude oscillatory shear 
flow. A theory is developed for this latter flow situation and 
expressions for the percentage increase in couple are obtained based 
on different rheological equations of state. 
Concentration effects are examined and it is shown that, with 
increasing concentration, an initial shear thinning region is followed 
by a shear thickening one. It is also found that marked elastic 
properties are exhibited by these highly concentrated clay suspensions. 
(vii) .. 
Qualitative agreement is obtained between theory and experiment for 
' all suspensions considered and at the highest concentrations it 1s 
shown (for the first time) that it is possible to characterize shear 
thinning and shear thickening properties of a fluid using one equation 
of state. 
The experimental results indicate th'at this programme of work may 
have important implications. for certain industrial nearly viscometric 
flow situations as well as the whole approach being applicable to~ther 
concentrated suspension systems. 
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CHAPTER 1. 
INTRODUCTION 
In the development of classical mechanics, the theoretical 
treatment accorded to solids and liquids was quite distinct, the 
solids obeying Hooke's Law of Elasticity, and the liquids, Newton's 
Law of Viscosity. It is now well known that many materials canno~ 
be classified as either Hookean solids or Newtonian liquids. These 
materials exhibit both elastic and viscous properties and may be 
divided into two categories; they are called viscoelastic solids 
if they do not continually change their shape when subjected to small 
stresses and elastico-viscous or elastic liquids if they do change 
their shape continually when subjected to stresses, irrespective 
of how small these stresses may be. 
Elastico-viscous liquids are best thought of as being materials 
that are predominantly fluid in behaviour but have some of the 
properties usually associated with solids. For example, they possess 
a memory of past deformation and have the ability to store energy 
when sheared. These "elastic" effects are found in a variety of 
liquids including emulsions, suspensions of elastic solids in purely 
viscous liquids, polymer solutions and various materials associated 
with the food and pharmaceutical industries. 
The frequent occurrence of particulate systems in nature and 
in industrial processes makes it very desirable to achieve an 
understanding of the flow properties and rheology of these systems, 
since such a knowledge can have important implications in various 
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branches of engineering. The work in this thesis is concerned with 
the rheological characterization of deflocculated china_ clay suspensions .. 
In particular, the flow properties of suspensions of a paper coating 
grade clay are examined both experimentally and theoretically. The 
rheological properties of these suspensions are of importance in 
both t~e clay and paper industries since the surface properties of 
paper are often improved by coating it with a layer of pigment- _ 
adhesive slurry a few microns thick, and subsequently drying it. 
If one considers a suspension of particles in a Newtonian, 
incompressible fluid, for which the dimensions of particle size and 
mean particle separation are. much smaller than the-length scale of 
the basic macroscopic flow, then it is reasonable to expect that for 
this macroscopic flow the suspension can be considered as a continuum 
which possesses definite rheological properties. Scientists and 
mathematicians have been working on the characterization of such 
suspensions for decades. There have been a number of attempts to 
relate the macroscopic rheological behaviour of a suspension to the 
nature, shape and concentration of the particles comprising the 
suspension (i.e. the microscopic behaviour). Most of these have been 
based on the assumptions that (i) the suspension is very dilute, 
(ii) the fluid and particle inertia may be neglected, and (iii) 
Brownian motion may be neglected. The majority of work has been 
directed towards finding a relationship between the relative viscosity 
and the concentration of the dispersed system. 
The initial theory on the subject was presented by Einstein 
(1906) who considered a dilute suspension of rigid spheres in a 
Newtonian liquid. The assumption of small concentration (< 5%) 
3 
ensures that there is no interaction between the spheres and Einstein 
· thus obtained the now classical relationship 
n "' 1 + 2. Se~ 
r 
(1.1) 
where n is the ratio of the viscosity of the suspension to tha~ of 
r 
the suspending medium called the relative viscosity and c'is the 
volume concentration of the suspension. Einstein's original.work 
has been extended to determine the relative viscosities of suspensions 
of higher concentrations and particles of irregular shapes, different 
sizes and even elastic spheres. The natural extension from rigid 
spheres was to consider rigid rods, plates and ellipsoids in dilute 
suspension (the first two being limiting cases of the last). This 
in fact was the subject of a paper by Jeffery (1922) who found that 
for a dilute suspension of ellipsoids 
I 
n "' 1 + v c 
r 
. (1.2) 
where v is a factor which depends on the geometry of the particular 
ellipsoid involved. Taylor (.1932) extended Einstein's analysis to 
the case of small immiscible fluid spheres and obtained the following 
relationship: 
n = 1 + 2.5 
r 
I 
c ' (1.3) 
where n 1 is the viscosity of the suspended liquid particles and n~ 
nl 
the viscosity of the suspending medium. If--, is large, equation 
no 
(1.3) reduces to the Einstein relationship, equation (1.1). On the 
other hand if this ratio is very small, as in the case of gas bubbles, 
the factor multiplying c1 becomes unity. 
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The three equations considered so far have all been to first 
order in c~ It was found that as the concentration of the suspensions 
was gradually increased, interaction and rota.tion of the particles 
occurred and a more complicated expression was needed for n • The 
r 
problem of deriving the relative viscosity of a suspension of spheres 
by taking into account interaction between spheres has been 
investigated by Guth and Simha (1936), Vand (1948), Simha (1952) 
and Kynch (1956). They all derive the relative viscosity as being 
in the following form: 
I 12 
nr = (1 + 2.5c + Kc.:.), (1. 4) 
where K is a constant .. However there seems to be no agreement upon 
the value taken by this constant K. A treatment of the effect of 
the boundary walls upon the motion of a suspension of spheres was 
also given by Guth and Simha. The work of these and other 
investigators has been presented in more detail in review articles 
by Frisch and Simha (1956), Ford (1960), Rutgers (1962) and Happel 
and Brenner (1965). Theoretically it would be better to use more 
I • 
c powers ~n equations of the same form as (1.4) but practically the 
·2 results are often fitted as well with only a Kc . term. Ford even 
observed. that better agreement with data was obtained by expressing 
the power series in terms of the relative fluidity ! rather than 
nr 
in terms of the relative viscosity. 
In more recent work, Cox and Brenner (1971) have attempted to 
derive the rheological behaviour of a suspension of particles by 
taking into account, to some extent, the effect of particle-particle.· 
and particle-wall interactions. Their theory is not restricted to 
5 
spherical shaped particles, but may be applied to arbitrary shaped 
particles upon which external couples may possibly act. They do 
assume, however, that no net external force acts upon individual 
p~rticles. 
' • J 
Another type of relationship employed-to correlate data at 
higher concentrations, for a suspension of spheres, is that due to 
}looney (1951), 
2 .se' R.n n = 
· r -r-=-kc' ' (1. 5) 
where k is a factor to allow for hydrodynamic interaction, to be 
determined experimentally. The constant 2.5 is based on the Einstein 
equation for dilute solutions. Mooney's equation has been extended 
by other authors, in particular Brodnyan (1959) utilised the same 
arguments used by Mooney to develop a relationship for the relative 
viscosity of concentrated solutions of ellipsoidal particles. Further 
details of these theories and experiments based on them are also to 
be found in the reviews mentioned previously. 
The work on more highly concentrated suspensions is very limited 
due to the difficulties that arise. The problem of close packing of 
particles presents itself and the first few terms of a concentration 
series (such as equation (1.4)) cease to describe adequately a 
suspension's viscosity behaviour. Frisch and Simha (1956) pointed 
out that the difficulty of theoretically predicting the viscosity 
behaviour of concentrated suspensions is due, to a great extent, to 
an ignorance of (a) the detailed structure of such a suspension and 
(b) the nature of the forces hydrodynamic and otherwise, exerted by . 
the particles on each other; the two effects being interdependent. 
' 
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Before discussing the viscosity-concentration formulae as 
related to clay suspensions another aspect of suspension rheology 
will be mentioned, namely, the (:Onstitutive equations (or equations 
of state) for the bulk suspension relating the bulk stress and the 
I 
bulk deformation rate. 'Bulk suspension' is a term used by many 
authors to indicate that the suspension acts like an effectively 
homogeneous continuum based on the premise, stated earlier, that 
the scale of flow is much larger than that of the suspended particles. 
Similarly, bulk stress and bulk deformation rate are taken to be 
macroscopic observables. 
The work on constitutive equations for suspensions has been ' 
less prolific than on the viscosity-concentration relationships 
but it should not be concluded that it is less important, on the 
contrar» Hinch (1975) pointed out that 'As well as the direct 
application of the constitutive equations to predict flows and the 
inverse application to characterize the particles, there is an 
indirect gain for rheology in deriving· the constitutive equatfons 
for a particular material'. In the same paper Hinch reviewed work 
presented on the characterization of particulate suspensions. In 
particular he concentrated on the important work developed by 
'Batchelor, himself and colleagues since 1970 on constitutive 
equations. The first stage in the5.r study of suspensions is to_ 
\ 
investigate the behaviour of the particles at the microscopic level 
and the second stage is to relate the macroscopic observable rheology 
to this microscopic characterization. The suspensions considered 
however were all dilute as were the ones considered by Barthes-
Biesel and Acrivos (1973). 'They studied and compared the rheology 
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of several types of dilute suspensions to some phenomenol~gical 
theories and they showed that the expression for the bulk stress 
of dilute suspensions of solid ellipsoids, elastic spheres or 
liquid droplets conforms to only one phenomenological constitutive 
relation, the one first proposed by Hand (1962). They used this 
new knowledge to propose an extension to a general linear shear 
flow of the stress expression obtained by Lin et al.- (1970) for a 
dilute suspension of solid spheres, subjected to a simple shearing 
motion, in the presence of small inertia forces. De Bruijne et al. 
(1974) compared the actual rheological behaviour of dispersions of 
fat crystals in paraffin oil with the behaviour predicted by the 
Bogue equation. Their results appear to show limited success. 
The author kn~ws of very little work on the characterization 
of co1wentrated suspensions of particles of any shape, even spheres, 
using rheological equations of state. Even from the brief summary 
of work given here it should be obvious that this is not surprising 
if one just considers the complexity of the microrheological structure 
of the system for instance. It was therefore felt that an experimental 
and theoretical study of the rheological characterization of a 
concentrated suspension was needed. The work was to be carried out 
·in the School of Mathematical Sciences, Plymouth Polytechnic, Devon 
and it was partly the location of ·this institute which influenced 
the type of material to be investigated, namely, china clay. 
The Cornish clay deposits are amongst the largest natural clay 
deposits in the world and are mined and produced for different 
industries; English Clays Levering Pochin, Ltd., (E.C.L.P.), St. Austell, 
produce 90% of the china clay mined and are the biggest single producer. 
• 
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The proximity of this industry, the co-operation of the company 
and certain of its research staff as well as the very nature of 
clay and lack of previous work in the area planned made clay 
suspensions a natural choice for the material to be characterized. 
To maximise· the effects expected, work was to be carried out at 
as high a concentration as pos'sible; Beazley (private communication) 
suggested a paper coating clay called 'Dinkie Special' which could 
be 'made up' to 72% concentration by weight (w/w) using as the 
suspending. medium, distilled water with a suitable deflocculant 
added. 
There are many uses and types of clay and the word can conjure 
up different thoughts to different people. A civil engineer, say, 
would perhaps think of clay soils and drilling muds whereas a 
housewife would think of her 'china' tea service. It is unlikely 
that the first thought of either of these people would have been 
a glossy magazine, which had been coated with a clay slurry to 
obtain the finish, yet, 75% 'of clay in Britain is manufactured for 
use in the paper industry. A knowledge of the flow properties of 
suspensions of paper coating clay grades (and additionally of certain 
ceramic grades) is therefore of great importance to the clay industry. 
and to its customers. 
Beazley (1972) has considered viscosity-concentration relationships 
for deflocculated clay suspensions of the type used and found that 
their viscosity-concentrationbehaviour is linear at low solids (with 
a proportionality constant greater than 2.5), non-linear at intermediate 
and dilatant at high. Outside the linear range the data fitted a four 
term Mooney type equation (cL equation (1.5)) of the form 
I 
a1 c 
+ 1-k c' 1 
. 9 
a C
l 
2 
1-k c' 
2 
.. 
(1.6) 
where a1 and a2 are friction factors and k1 and k2 are packing 
factors, It was also found that other than in the dilatant zone, 
the slurries were shear thinning. Goodwin-(1971) has also studied 
the rheological behaviour of clay suspensions and he too has applied 
equations of the form (1.4) and (1.5) to viscosity-concentration 
characterization. 
Compared with, say, polymer rheology there is relatively little 
work to be found in the literature on the rheological studies of 
clay systems in general, although there has been increasing interest 
shown during the last ten years. Moore (1959) considered the rheology 
of ceramic slips and bodies and subsequentl-y (1965) prepared a book 
entitled 'Rheology of Ceramic Systems' in which he discussed rheology 
in general and its relevance to ceramic suspensions and ceramic pastes 
and bodies. About the same time Beazley presented a series of papers 
(1964, 1965, 1967) on the rheological flow properties of aqueous 
suspensions of kaolins. He reported that shea~ rate, particle shape 
and structure influence the rheological behaviour and dilatancy of 
a clay. Krizek (1968) stressed the need for development of constitutive 
equations for clay soils. He pointed out however that clays are very 
complex materials and oversimplifications of their behaviour must be 
treated with extreme caution, In subsequent papers Krizek (197la,b) 
discussed the rheological behaviour of clay soils and cohesionless 
soils subjected to dynamic loads; both papers containing a large 
reference section. This work is of no direct relevance to work in 
this thesis but is added for completeness' sake. _However, 
previously,. Franklin and Krizek (1967, 1969) had 
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considered the rheological properties of j1occuZated kaolinite 
suspensions which were of the type commonly used in paper-coating 
applications. In both papers the work presented was of an 
experimental nature and the sample subjected to oscillatory shear. 
The theory of viscoelasticity used was a phenomenological one; it 
was concerned with the observed macroscopic behaviour of the material, 
which was regarded as a continuum, and was not concerned with the 
microscopic mechanisms responsible for that behaviour. In the first 
paper they considered the viscoelastic shear response and in the 
second the complex viscosity of a kaolinite suspension. Amongst 
other things they showed experimentally that the stress-strain 
response of the clay sample was frequency dependent and was definitely 
non-linear, even at small strains, and that the complex viscosity 
was not linear, but decreased approximately as a 'power function of 
the strain amplitude. Kurath and Berge (1970) and Kurath and Larson 
(1971) as part of a research program have investigated the suitability 
of jet viscometer techniques' for the study of coating colour rheology 
at shear rates approaching 2 x 106 sec-1 , which have been estimated 
to occur in blade coating operations. The first normal stress 
differences, for different concentration suspensions, were obtained 
using jet swelling measurements. 
The natures of clay soils, ceramic clays and paper coating clays 
are quite different and consequently have quite different properties. 
Clay soils, for instance, contain substantial proportions of non-
clay minerals, and the clay fraction itself is not necessarily 
composed of kaolinite, the basic mineral of china clay. Ceramic 
grades of china clay are largely kaolinitic, but may contain several 
I 
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percent of montmorillonite clay, which has a profound influence 
on viscosity. Paper coating grades of clay, such as considered 
in this thesis, are almost wholly kaolinite and, as such, consist 
of small, plate-like hexagonal particles. The mineralogy of c~ays 
will be considered in detail in a later section; as far as ~he 
rheological characteristics of the clay suspensions investigated 
are concerned the approach presented will follow that used by Franklin 
and Krizek and Barthes-Biesel and Acrivos, namely the phenomenological 
approach, where the suspensions are regarded as continua and the 
observed macroscopic behaviour of the suspensions is considered. 
However, it is felt that where possible and applicable details of 
the microscopic behaviour should be included since a knowledge of 
this may explain certain phenomena and may indicate which rheological 
equation of state could best be used in the characterization 
(Barth~s-Biesel and Acrivos adopted this point of view in their 
work although Franklin and Krizek did not). Chapter 2 therefore 
attempts to present ~n a concise way the nature of clays and clay/ 
water systems, with particular cnnsideration being given to the type 
of clay system characterized rheologically in. this thesis. A brief 
description of the 'families' of clay minerals along with their 
str~ctural and shape differences is given, as noted earlier, as 
well as the uses and the way that china clay decomposes and is 
extracted from the ground. The clay suspensions tested were all 
deflocculated and an explanation of this and flocculation as applied 
to kaolinite suspensions is provided in order to illustrate the 
nature of the internal forces experienced by and on the kaolinite. 
particles, ~n suspension, in these two different states. Further, 
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a sample can be tested to see if it exhibits shear thinning, shear 
thickening or Newtonian behaviour by subjecting it to steadily 
increasing shear. This aspect is considered for flocculated and 
deflocculated china clay suspensions with particular consideration 
being given to the latter. Finally the chapter concludes with a 
description of the method used for preparing the clay suspensions 
uhich were tested since this has a direct bearing on the results 
obtained. 
In Chapter 3 consideration is given to the various functions 
used by experimentaliststo characterize elastica-viscous behaviour 
including those arising in steady shear (such as the viscosity and 
normal stress differences) and in oscillatory shear of small amplitude 
(such as the complex dynamic viscosity). The possibility of more 
complicated rheometrical flow situations is considered· and various 
equations of state (i.e. constitutive equations) are introduced to 
handle the theoretical treatment for these situations. 
Chapter 4 is concerned with a description of the instruments 
which can be· used for the rheological testing of clay slurries. 
Specific attention, as the title of the chapter suggests, is paid 
to a commercial rheometer, the Weissenberg Rheogoniometer, and the 
advantages of using this instrument for the experimental part of the 
investigation. The instrument is described in detail, including the 
type of measurements available, experimental procedure and the 
existing interpretation of the experimental results. The Weissenberg 
Rheogoniometer has facilities for investigating liquids under combined 
steady and oscillatory shear and Chapters 5 and 6 are concerned, both 
theoretically and experimentally, with this mode of testing. 
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There has been a growing interest in the flow behaviour of 
non~Newtonian liquids as they deform under the action of a combined 
steady and oscillatory shear (see, for example, Booij, 1966a, b; 
Tanner, 1968; Pipkin, 1968; Laufer et al., 1975a, b). Although some 
attention in the literature has been paid to the case when the 
oscillatory shear is orthogonal to the steady shear (Tanner and 
Simmons, 1967), most interest has been centred on the situation 1n 
which both the steady and the unsteady shear are in the same direction. 
This second situation is the one considered here since any theoretical 
predictions can be immediately examined experimentally on a Weissenberg 
Rheogoniometer. 
Chapters 5 and 6 are primarily concerned with characterizing 
clay suspensions by considering the effect of oscillatory shear on 
the mean motion. The theory for such a situation is presented in 
detail in Chapter 5, for the cone and plate geometry, and interesting 
predictions are obtained.from the analysis when the frequency of 
oscillation is small. Jones and Walters (1971) in a similar study 
with polymers found that the experimental determination of the mean 
stress in the case of superimposed steady and oscillatory shear is 
a useful addition to the experiments which are already available for 
viscoelastic model fitting. 
Polymers, being drag reducing, are always shear thinning. This 
is not the case, however, for the clay suspensions. At the highest 
concentrations considered, the clay suspensions demonstrate both shear 
thinning and shear thickening behaviour. Shear thickening mechanisms 
are always present but, at low shear rates, they are weak and this. 
allows the shear thinning mechanisms to predominate in this region. 
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However, with increasing shear rate, shear thickening behaviour 
increases until it finally predominates and an initial shear thinning 
region 'followed by' a shear thickening region can be observed. 
Also it is found that as the.conoentration is reduced, the shear 
thinning mechanisms predominate over a greater range of shear rates. 
Chapter 5 is concerned with these concentration effects and specific 
attention is paid to the lower concentrations where, in the shear 
rate ranges considered, shear thinning behaviour only is observed. 
A viscous-inelastic theory is developed in section (5.1) but 
experimental results show that the suspensions exhibit elasticity 
even at concentrations below 50% by weight. This model cannot 
therefore be used to characterize the suspensions; however, it is 
shown that various predictions can be·made from a study of the model. 
An elastic-viscous model, previously used by Jones and Walters (1971) 
. * for polymers, is successfully applied to 'the clay suspens~ons and a 
qualitative characterization for the shear thinning behaviour of 
the suspensions is obtained.' This work is to be submitted for 
publication. 
In Chapter 6 an extension to the theory, presented in Chapter 5, 
is given. Another elastica-viscous model is considered which, it is 
.found, can qualitatively characterize both the shear thinning and 
shear thickening behaviour demonstrated by the highest concentration 
* Only suspensions in the concentration range 59.6-67.0% w/w. 
were considered in detail in Chapter 5. Suspensions having concentrations 
less than 59:6%w/w.are shear thinning up to very high shear rates and 
consequently their behaviour is not significantly different from the 59.6% 
w/w. suspension. Concentrations greater than 67:o% w/w. are considered 
in Chapter 6. 
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suspension considered, namely a 71.8% w/w. This work has been 
published in the Journal of Physics D (Applied Physics). 
Consideration is also given 1n Chapter 6 to a suspension which 
is typical of those lying in the concentration range between the 
71.8% w/w. suspension and those discussed in Chapter 5. Based 
on the previous results, a combination of two rheological equations 
of state is found to be applicable to these intermediate concentrations. 
One is valid over the first shear thinning regions and another over 
the first shear thickening regions. 
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CHAPTER 2. 
CLAYS AND CLAY/\1ATER SYSTE.MS 
Introduction. 
In. the popular sense, clay is a finely-grained rock which becomes 
"st:Lcky" when wet. This is certainly an over simplification of a 
term which is used currently by geologists, civil engineers, agronomists 
and ceramicists, amongst others, in the course of their work. Even 
though the use of clay in pottery making antedates recorded human 
history, clay cannot, at present, be defined in precise terms. However, 
the definition of clay used by the American Ceramic Society is as 
follows: 'Clay is a fine-grained rock which, when suitably crushed 
and pulverised, becomes plastic when wet, leather-hard when dried and 
on firing is converted to a permanent rock like mass'. 
The size, shape and nature of the surfaces of the particles are 
important factors in the distinction between clay-mineral and non-clay 
mineral components of natural materials. Particle size in particular 
is a significant factor, and particle sizes in the micron and sub micron 
range are commonly encountered in clay minerals; it is possible for the 
impurities to be as fine as this and for the clay mineral itself to be 
as coarse as 1 mm, but these are the exceptions rather than the rule 
and it can be said that impurities are generally coarser than the clay 
mineral. A separation at about 2 microns (~m) is frequently about 
the optimum size for the best split. 
The work presented in this thesis deals specifically with china 
clay (known as 'kaolin' in the United States and on the Continent of 
Europe) but in the following sections different aspects of clay 
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materials will be considered, including details of the preparation 
of the suspensions of the china clay used. 
2;1 ··The Families ·of 'Clay Minerals. 
'Structural Differences. 
Of the minerals containing silicon, the clay minerals form four 
families characterized by a sheet-like crystallographic structure and 
small particle size. The four families are: 
a) Kaolinite family (sometimes called 'kandites') 
b) Montmorillonite family (sometimes called 'smectites') 
c) Illite family 
d) Vermiculite family. 
The families include such minerals as mica and talc, which 
superficially would not be regarded as being clay-like. ·The basic 
atomic units from which these minerals are built are illustrated in 
their simplest form in Fig.l' and are described below: 
Silicon and oxygen atoms link to form tetrahedra in such a way 
that each silicon atom is surrounded by four oxygen atoms (Fig.la ) 
and these tetrahedra link to form a two dimensional 'sheet' (Fig.lb). 
This layer is referred to as the tetrahedral layer.- Aluminium and 
hydroxyl ions are similarly disposed in octahedra (Fig.lc) and these 
link up to form an octahedral layer (Fig.ld). These tetrahedral and 
octahedral layers are the basic units referred to previously. Different 
clay minerals are distinguished by the way in which the layers are "put 
together" and by the actual atoms composing the layers. (Aluminium · 
atoms, for instance, can be replaced wholly or partly by magnesi~m). 
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The illite family, which is closely related to the micas, and 
the vermiculite family need not be considered further.: ·Kaolinite, 
which is the mineral with which this thesis is mainly concerned, is 
formed from a series of sheets each containing one octahedral and 
one tetrahedral layer; in the lin~age certain of the hydroxyls 
in the simple Al - OH octahedra are replaced by oxygens from the 
tetrahedral layer and the layers joined as in Fig. 2. The layers are 
then stacked one on top of the other in the kaolinite crystal like 
a series of 'Danish' sandwiches with the 'filling' always on the 
same side. 
The empirical formula for kaolinite is Al4Si4o10 (0H) 8 . Two other 
members of the kaolinite family, dickite and nacrite, have identical 
formulae and differ. only in the arrangement of the unit layers within 
the crystal. Another member, halloysite, differs in that it has a 
single layer of water molecules between its structural sheets. 
The basic structure of the montmorillonite family is pyrophyllite, 
whose structure is illustrated in Fig. 3. In this structure, the apices 
of the tetrahedra point towards each other and enclose an octahedral 
layer between them, rather like the traditional English sandwich. 
Pyrophyllite is stable and slate-like. The initial work on the 
crystallographic structure of both kaolinite and pyrophyllite was 
by Pauling (1930 a,b) whose ideas have been abundantly confirmed by 
subsequent experimenters. In montmorillonite, the pyrophyllite structure 
is modified by the replacement of one sixth of the aluminium atoms 
(valency 3+) by magnesium atoms (valency 2+}. The electrical charge 
of the crystal is thus unbalanced); to balance it, the crystal takes 
in cations from outside and these cations can be exchanged one for 
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another. The commonest are calcium, sodium and hydrogen. If the 
·cation is calcium, then the mineral is mined commercially as Fuller's 
Earth, at Redhill and elsewhere. The ability of external cations to 
work their way into the. crystal is also paralleled by the ability of 
water to do the same, and causes the crystal to swell; this ability 
depends in turn on what external cation is present since montmorillonite 
containing sodium readily swells in water whereas calcium montmorillonite 
swells less readily. 
Two other members of the group are beidellite (where tetrahedral 
silicon is replaced by aluminium) and nontronite (where the silicon is 
likewise replaced, and where octahedral aluminium 1s replaced by iron). 
A similar series is based on talc (id~ntical to pyrophyllite 
except that magnesium completely .replaces aluminium in the octahedral 
layer), with corresponding clay minerals saponite, hectorite and 
sauconite being formed. The basic minerals in these series, pyrophyllite 
and talc, do not swell in water; the derived minerals do. 
Shape Differences. 
Electron microscope studies of montmorillonite show particles 
which are broad undulating mosaic platelets which, when disturbed and 
dispersed, break easily into irregular fluffy masses of very small 
particles. The platelets are extremely thin, having a diameter 
thickness ratio of 10:1 to 100:1 and a specific surface area of 
2 
several hundred m /gm. 
Electron micrographs show kaolinite particles (Fig. 4), on the 
other hand, to be plates, approximately hexagonal in form, with a 
diameter : thickness ratio of the order of 10:1, though this varies 
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significantly both with the particle size of the clay and its source. 
Commonly the edges of the particles are bevelled instead of ~eing 
at right angles to the flake surface. It is generally accepted that 
below a particle diameter of about 2 ~m. the kaolinite particles exist 
as single platelets, while above this size it is possible for them 
to exist as vermicules or 'stacks'. The specific surface 
area of a kaolinite sample varies, naturally, from clay to clay, but 
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a value of 10 - 15 m /gm would not be unreasonable for a clay such as 
the one which was tested in this·work. 
2.2 Decomposition and Extraction of China Clay Deposits. 
China clay is mainly a residual mineral formed in situ, by the 
breakdown of prima~y minerals. Clay is found in two types of deposit, 
namely primary and secondary. In the former the clay is located in 
its original place of formation and in the latter it has been carried 
away by surface water and deposited elsewhere. The principal deposits 
of china clay are the result of hydrothermal reactions in large granitic 
masses. 'Granite' is a loose term covering a type of acidic rock composed 
of several distinct mineral species, such as quartz, mica and felspar • 
. The principal mineral which undergoes alteration is the felspar component, 
which loses its alkali and some of its silica and gains water of 
constitution. The reaction is not fully understood but as the Cornish 
deposit, which is one of the world's largest, extends to a depth of 
several thousand feet it is not felt that 'weathering', i.e. decomposition 
by the action of rain, wind, sun and frost, could operate at such 
depths, neither is it thought that the granite was attacked by surface 
water permeating through it since granite is a fairly non-permeable 
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medium. In the Cornish granites the reaction has probably proceeded, 
at high temperatures and under great pressures, through the agency 
of water containing free acids, the solutions having been forced up 
from below and penetrating the granite through fissures and jointings. 
As the felspar broke down, the granite mass became porous and more 
powdery and yielded what'is termed "china clay rock". This theory 
is that of Exley (1958) who also holds the view that the decomposition, 
or kaolinisation, of the felspar was a two stage process, montmorillonite 
first being formed as an intermediate phase. Montmorillonite is found 
in traces in certain china clay pits and since its influence on the 
rheological properties of china clay suspensions is profound, as 
shown by Swanson and Hemstock (1956), its.existence should be noted. 
As has been said, the main constituent of commercial china clay 
(that part produced by the felspar decomposition) is kaolinite though 
traces of muscovite, mica, quartz, tourmaline and felspar may be present, 
as well as the possibility of traces of montmorillonite, previously 
noted. Fortunately, the kaolinite produced consists essentially of 
much smaller particles than most of the associated minerals and the 
commercial production of china clay 1s based on this fact. 
The clay used in the present work came from the primary deposits 
near St. Austell, Cornwall. Here the c!'ay is extracted, by the pit 
face being bombarded with jets of water at high pressure (>120 psi) 
which reduces the kaolinised rock to a fluid slurry. The slurry flows 
to the bottom of the pit and from there to a trough. There, the 
coarse non-kaolinite niinerals.settle out rapidly, are raked from the 
trough and discharged to waste. A second separation of the finer 
"rubbish" which is still coarser than the kaolinite, follows by 
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hydrocyclone. The raw kaolinite slur~y. purified from most of the 
non-kaolin minerals, is then passed on for further processing. This 
may consist of a further particle size separation of the clay 
sedimentation into a "coarse" and "fine" particle sized material. 
Centrifuges are used to obtain the finest particle sized Cornish 
china clays. An upper cut-point of 5 ~m. at the most is normally 
accepted to eliminate most of the coarse grained impurities. 
Montmorill6nite, if present, will be found in the 1 ~m. fraction. 
T~e removal of this fine fraction may be advantageous in the commercial 
product but it involves considerable expense. In all cases an ultimate 
thickening process will be involved, followed by filter-pressing of 
the thickened clay and drying. 
Clay mineralogy is a complex topic and has been the subject 
of many books of which ones by Deer et aL (1966), Grim (1968) and 
Grimshaw (1971) are recommended to the interested reader. It has 
been thought necessary to give some background to it in this thesis, 
which is predominantly concerned with the rheological characterization 
of deflocculated clay/water slurries, for two reasons other than for 
completeness' sake, these being: 
a) Sodium montmorillonite swells ·in water to such an·extent 
that the individual three layered structural sheets can 
detach themselves from each other, causing a suspension of 
montmorillonite to be a gel at solids as low as 1%. Since 
it is believed that montmorillonite was an intermediate 
stage in the geological formulation of kaolinite, and since 
commercial china clays can contain ·small amounts of 
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montmorillonite, it follows· that the viscosity of a china 
clay slurry can be influenced by the presence of montmorillonite. 
b) The process of deflocculation of clay (which will be considered 
later) can only be sensibly interpreted insofar as tne crystal 
structure of clay is understood. 
2.3 The Uses ·of Clay. 
A major source of information about the life and culture of past 
civilizations has been provided by pottery remains. In today's 
technological world, clay still plays an important role in the running 
of our daily lives. For example, clay is used in the refining of 
both organic and mineral oils; in rubber compounding, the addition 
of clay increases resistance to wear and aids in the elimination of 
moulding troubles; in engineering, earthdams are made impermeable to 
water by adding suitable clay materials to porous soil materials and 
water loss in canals may be .reduced by adding clay materials. A major 
use of bentonitic clay, which is pertinent to the oil industry, is as 
drilling muds. These are strongly shear thinning, and can readily 
be pumped to the drill bit, and lubricate it. Circulation' of the 
mud forces the fluid from the bit, and to the surface under comparatively 
low shear rate conditions; under these circumstances the mud recovers 
some structure and partly gels, holds the drill cuttings in suspension 
and then comes to the surface. The mud can also penetrate porous 
sand stones and smaller cracks and seal them. 
The main uses of china clays are in the paper and ceramics industries. 
In the paper industry, clays are used both for paper filling and coating 
because it improves the paper gloss, smoothness and opacity, and hence 
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improves printability. The improvements in gloss and smoothness 
are very marked indeed ~n coated paper. For paper filling, a 
comparatively coarse grade of clay is used, whose content of particles 
finer than 2 ~m. is unlikely to be above 40% and may well be ~ery 
much less, whereas coating requires a much finer grade of clay, with 
a 2 ~m. content of at least 75%. Equally fine clays are generally 
used for ceramics. 
Paper clays are required to have a good natural white colour 
while a potting clay can be quite dark in its natural state.provided 
its fired colour is satisfactory. A potter also requires his clay 
to make a strong, plastic pottery body. Ceramic clay's can contain a 
small percentage of montmorilli::mite which would give the plasticity 
which is sought but montmorillonite ~s unwelcome in paper-coating 
clays as these are required to be made up into high solid suspensions. 
It can be seen that the properties required by a clay used in the paper 
industry can be diametrically opposite to those required by a potting 
clay and it should be noted that it is the exception rather than the 
rule for any one clay pit to produce both paper and potting grades of 
clay. In any published work on clay rheology, it ~s useful to notice 
the industrial interests of the author - if any - and the use to which 
the clay used would be put in practice. It is not unknown for conclusions 
to be drawn from work on ceramic clay, and to assume misleadingly 
that these apply in general to all clays. 
Since the work presented in this thesis is concerned with working 
at as high a solids concentration of clay suspension as possible, a 
paper coating grade clay was chosen. The clay used was 'Dinkie Special' 
a clay mined from. a primary deposit north of St. Austell. The clay 
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was kindly supplied by E.C.L.P.,St. Austell who also furnished a 
particle size distribution curve for the clay (see Fig. 5) obtained 
by using a Andrease.n pipette. This· information is important since 
particle size and particle size distribution are major factors 
influencing the rheological behaviour of a clay when in suspension. 
2.4 Flocculation and Deflocculation. 
The distribution of atoms on the surface of kaolinite crystals 
gives rise to a differential distribution of charges on the surfaces. 
Thiessen (1947) found that positively charged colloidal particles of 
silver iodide could be adsorbed on the basal plane of kaolinite 
indicating that this surface carried available negative sites; since 
the crystal as a w~ole is electrically neutral, positive sites of 
equal magnitude must be available elsewhere. Confirmation of this 
two-site hypothesis was provided by the classic work of Schofield and . 
Samson (1953, 1954) who showed that pure kaolinite· adsorbs exchangeable 
Na+ ions from solution, demonstrating 'the presence of negative sites 
on the surface. Clay so treated would adsorb Cl ions when resuspended 
in dilute NaCl solution, confirming that positive sites were also 
present. Electron microscope examination also showed negatively charged 
·montmorillonite particles adhering to the kaolinite particle edges. 
From these results it was deduced that a kaolinite crystal, which is 
a hexagonal flake shaped particle, has positively charged edges and 
negatively charged faces. 
As naturally produced, china clay forms a suspension in water 
which is viscous at comparatively low concentrations and from which 
water can readily be removed by filtration. In this state the clay 
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behaves as a continuous homogeneous me~ium; there is little or no 
movement of particles as such relative to each other. On standing_, 
such a suspension will break up into aggregates visible to the naked 
eye (and therefore containing many individual kaolinite particles) 
called 'floes'. The clay in this state is consequently said to be 
flocculated. Schofield and Samson visualised flocculation arising 
from the negatively charged face of one crystal attracting the 
positively charged edge· of another, a 'house of cards' structure 
being formed by the particles throughout the suspension. However, 
if a suitable quantity of a solution such as tetrasodium pyrophosphate 
(T.S.P.P.) is added to a flocculated clay suspension then a suspension 
is produced in which the clay particles are free to move as individuals, 
' as evidenced by the fact that the particles will now settle out of 
.the suspension at a rate dependent on their s1ze and governed by 
Stokes' law. The clay suspension is then said to be deflocculated 
and the chemical added which produces this effect 1s known as the 
deflocculant. 
Many chemicals behave as deflocculants. The ceramic industry 
tendsto deflocculate with sodium silicate and sodium carbonate while 
the paper industry favours polyphosphates or materials of the sodium 
,. * polyacrylate family, such as Dispex'. ·Dispex was used for all the 
work in this thesis since it is stable in solution and does not tend 
to hydrolyse as polyphosphates do. 
Deflocculation can be explained 1n terms of an electrical 
mechanism as follows: 
* Allied Colloids, Ltd.,_ Bradford. 
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At the concentrations normally used, deflocculants are completely 
dissociated in solution and generally possess a chain-like anion. 
When a suitable quantity of such a solution is added to a flocculated 
clay suspensio~ polyphosphate (say) anions are adsorbed onto the 
kaolinite crystal edges. Because of their high charge density, these 
anions bring more than sufficient charge with them to neutralise the 
positive charges on the edges, and their presence thus imparts a 
negative cha.rge to the edge. Since the particle faces are negatively 
charged, anyway, the whole particle thus appears negatively charged 
on both its faces and edges. The cations (usually Na+) swarm around 
this negatively charged particle in a cloud of so-called 'counter-
ions' whose density decreases approximately exponentially with, 
distance from the particle. This arrangement of ions around the· 
particle forms a diffuse double layer, with which the names of Gouy 
(1910) and Freundlich (1930) are usually associated. When the particle 
moves, the double layer moves with it and the charge distribution 
around the particle·makes the double layer appear to have a potential 
associated with it, the zeta potential. Charge and potential distribution 
are shown in Figs. 6a, b; the cations and anions which are present, 
but which do not form part of the double layer are not shown. The 
cloud of counter-ions is a three dimensional cloud and is not, as 
shown in the sketch for the sake of simplicity, restricted to the 
particle edge region. Deflocculation then originates in the forces 
of repulsion existing between one double layer and another, the 
particles behaving as though they were charged and carrying charges 
of one sign only. 
The addition of a deflo.cculating ·chemical to a flocculated 
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slurry reduces the viscosity of the slurry. However, this reduction 
passes through a minimum, when the suspension is in a state of 
'optimum deflocculation', after which reflocculation of a different 
type occurs. The process of deflocculant addition should ·.not 
therefore be carried on indefinitely. Beazley (1966) considered 
this work in detail for different types of clay suspensions at 
several concentrations. Fig.7 shows a graph of viscosity v. 
deflocculation dose for a paper coating clay similar to 'Dinkie 
Special' using Dispex as the deflocculating agent. 
Another factor which must be considered when dealing with 
flocculated and deflocculated suspensions is the influence of the 
shell or hull of adsorbed water that each clay particle carries. 
around .it. The water is held tightly on the kaolinite particle 
surfaces but gets more.loosely bound with increasing distance from 
the particle until i.t is indistinguishable from 'free water' or 
water in 'bulk'. That such water exists is shown by the fact that 
. . 0 • 
about 1% by weight of water cannot be removed.at 110 C, but requ~res 
a·much higher temperature and hence greater energy to remove it. 
There are still many schools of thought on the explanation of 
flocculation and deflocculation.processes. The samples tested in 
this work were all deflocculated suspensions ('made up' to a state 
of optimum deflocculation) and it will be assumed here that a 
deflocculated clay particle carries both a diffuse double layer of 
ions around it and a shell of adsorbed water whose viscosity is 
greater than that of free water and whose viscosity decreases with 
increasing distance from the particle. 
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2.5 Shear Thickening·and Shear Thinning. 
Flocculated clay suspensions are always shear thinningand 
at higher concentrations are viscosity time dependent and_ hence 
thixotropic. Since the coining of the word thixotropy by Peterfi 
(1927) many investigators have ascribed varying definitions to the 
word. Most of the early work on the subject was carried out by 
Freundlich and eo-workers in a series of paper's published ~n the 
1920's. 
Thixotropy was originally associated with a type of structure 
in a disperse system. The characteristic rheological behaviour 
was only one of several properties, such as conductivity and 
dielectric constant, which depended measurably on the· breakdown 
and build up of structure in colloidal systems undergoing mechanical 
shearing or subsequent rest, under isothermal conditions. According 
to current general usage, thixotropy has assumed a rheologically 
oriented significance and a thixotropic system is defined as one 
which exhibits a time dependent, reversible and isothermal decrease 
of viscosity with shear in flow. When a thixotropic suspension is 
sheared the structure is progressively destroyed and, in general, 
the higher the rate of shear the higher the rate of destruction. 
Figs. 8a,b. show typical shear stre~s/shear rate curves obtained 
for a shear thinning suspension and a thixotropic suspension 
respectively when they are tested in a rotational·viscometer. The 
usual technique is to increase the speed of rotation by equal increments, 
at equal time intervals, up to a maximum speed and then to decrease it 
by similar steps to zero. 
Since a shear thinning suspension is one in which the viscosity 
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decreases with shear rate and is not time dependent, the path of 
the up curve ~s the same as that for. the down curve. However in 
the case of a thixotropic material they do not coincide'but form 
a hysteresis loop. 
A yield stress can be found for flocculated clay suspensions 
since a force mechanism exists to give rise to one. Deflocculated 
clay suspensions are almost Newtonian at low concentrations. Almost, 
since shear thinning (due to the progressive stripping off of the. 
water hull by shear) is always present; with a ceramic clay, this 
effect can predominate. A ceramic clay that is fully deflocculated 
at 62% solids (say) can be wholly thixotropic whereas a paper coating 
clay will only be weakly shear thinning at these concentrations. 
From experimental results (Beazley, 1966), the rheological 
history of a concentrated deflocculate4 china clay .suspension, such 
as those used for this work, can be described as follows in terms 
of four successive regions of flow, each region merging into the 
next rather than being distinct entities: 
1) The initial region of flow is a region of shear thinning. When 
the suspension is sheared, mechanical forces tend to drag off 
the outermost layers of the water shells (or hulls) .surrounding 
the particles (see Section 2.4 ). This increases the amount 
of 'free' or non-adsorbed water in the suspension and has the 
effect of lowering the ratio of clay + adsorbed water to free 
water and, in consequence, the suspension viscosity. No yield 
stress is detectable with a deflocculated slurry since no 
mechanism to account for it exists. 
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2) Immediately shear is applied to the suspension, the particles 
,-
move with both translatory and rotational motion, as evidenced 
by the fact that, in suspensions of the highest concentrations, 
weak positive normal forces can be detected at the lowest 
available rates of shear measurement. With increasing 
·rotational motion the particles get into an increasingly tangled 
up state and, when the forces generated by this tangling build 
up more rapidly than the forces generated by the stripping off 
of water hulls diminish, shear thickening behaviour is observed 
in the suspension. Such shear thickening is often loosely called 
dilatancy, though the meaning of dilatancy, like thixotropy, has 
been extended to mean shear thickening in general as distinct 
from its original precise definition given by Osborne Reynolds 
(1885). He gave the name to the property of volume expansion 
which occurs when a system of particles at closest possible 
packing is sheared, and which consequently appears to have 
solidified. Subsequent workers extended the definittion _ to include 
systems which increase in viscosity with increasing rate of shear 
and systems which increase in viscosity with increasing amount 
of shear. A definition for a dilatant system which agrees with 
much of the current usage is isothermal, reversible, shear rate 
thickening with no measurable time dependence and by shear rate 
thickening ~s ineant 'the increase of viscosity with shear rate. 
If a dilatant suspension is sheared and the shear is applied at 
a progressively increasing rate then the rheological behaviour 
as described by the characteristic shear stress/shear rate (T v q) 
plot is as shown in Fig. 9. The characteristic of such a 
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dilatant flow curve is that it starts at the origin of 
coordinates and is convex to the shear-rate axis, as distinct 
from a shear thinning material whose curve is concave to that 
axis, and a Newtonian liquid which gives a straight line through 
the origin. 
It is quite possible for a shear thinning and dilatant mechanism 
to co-exist. By the very nature of the phenomena, shear thinning 
will predominate at lower shear rates and dilatancy at higher; 
with increasing shear rate the flow curve will show a transition 
from the one flow behaviour to the other. Yet this transition is 
not a discrete "boundary" between the two, but rather delineates 
the shear rate region at which shear thinning is increasingly 
predominant on the one side and dilatancy on the other. 
3) Since the material 1s now solid like and particles are restrained 
from moving, further application of shear can only result in 
particle fracture or sl~p at the viscometer wall. Particle size 
measurements of a material so sheared confirm that fracture has 
taken place, this is mainly transverse fracture as opposed to 
delamination, as evidenced by the fact that shearing reduces 
both the viscosity and dilatancy of the suspension. The third 
region of flow is thus a second shear-thinning region. The 
observation concerning the mode of fracture is based on the fact 
that delamination would increase the volume of rotation swept 
out by the rotating plates, increase their chances of mutual 
interference, and make the suspensions more dilatant whereas 
transverse fracture would reduce the volume of rotation, and reduce 
the chances of dilatancy. 
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4) -1 At still higher rates of shear (> 1000 sec approx.) the 
particles pack together in groups and a second dilatant region 
is obtained from the mechanical interference of these groups. 
These .aggregates can sometimes be seen when a cone and pl?te 
system is opened up for cleaning after shearing a sample. This 
region is characterized by high positive normal forces which 
increase rapidly with increasing shear rate. 
It should be noted that since normal forces are observed in 
both the first and second dilatant regions it may be assumed 
that volume .expansion occurs in both of them, though the 'volume 
expansion' in the first region is rather more on the nature of 
a change in geometry associated with particle anisometry. Both 
regions.may thus be correctly classed as dilatant in both the 
original and rheological senses of the term. 
Although the four regions described above overlap, they may 
nevertheless be distinguishep in a flow curve whose form could be as 
shown in Fig. 10. Only the first two regions of flow are considered 
in this thesis since the instrument used restricts the range of 
testing, for the clays chosen, to these regions. However, it is 
anticipated that the material considered will be both shear thinning. 
and shear thickening, and exhibit elastic effects. 
2.6 Preparation of the Clay Suspensions used in this work. 
As previously mentioned in Section 2.3, only one type of clay 
was tested in the course of this work - a paper coating grade clay 
known as 'Dinkie Special'. The clay was chosen because of its ability 
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to be 'made up' into suspension at high concentrations, which was 
where the interesting effects were expected when the suspensions 
were tested on the Weissenberg Rheogo.niometer under the condition 
of combined steady and oscillatory shear. 
Dispex was used as the deflocculating agent in all the clay/ 
water suspensions tested, which-were made up to a state of optimum 
deflocculation (see Section 2.4) using £igures specified by the 
suppliers of the clay. pH control was obtained by using a solution 
of caustic soda (sodium hydroxide). Dose rates on the clay of 0.3% 
and 0.1% respectively of 10% solutions by weight of Dispex and caustic 
soda were used consistently in this work and suspension concentrations 
have been quoted by giving the weight percentage concentration of 
the'clay (w/w). The restriction of 72% w/w as the upper limit for 
the concentrations that the clay suspensions could be made up to ~s 
a property of both the clay and deflocculant used and the method of 
mixing. 
In any work of this kind it is essential that the suspensions 
be measured in some given state of preparation and that this state 
is consistently reproducible within experimental limits. Two methods 
of preparation are available which fulfil this condition: 
i) hand mixing, where the amount of work put in to the suspension 
is negligibly small, 
ii) high shear mixing, where the suspension is dispersed to 
an equiiibrium state under specified conditions of operation 
of the mixing device. 
High speed mixing was used for the present work, since it enables 
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suspensions of higher solids content to be achieved than is possible 
with hand mixing. A Silverson mixer was used initially, but was 
found to be inefficient at the high solids concentrations encountered. 
Hence a non-standard pattern high speed mixer supplied by E.C.L.P. 
was used (see Fig.ll). This machine has a variable speed ~ontrol 
and is capable of putting considerably more mechanical work into a 
system in a set time than the Silverson. Brass containers for the 
suspensions, which could be clamped into position on the mixer, were 
also supplied. 
The required amounts of distilled water, Dispex and sodium 
hydroxide (274.8 gms., 21 gms., 7 gms. in the case of a 70% w/w 
suspension) were placed into the brass container which was in position 
on the mixer. With the mixer 'running' at its lowest speed the clay 
in the form of a dried and milled powder was gradually added. The 
rotational speed was increased as necessary until all the clay had 
been added, at which point the speed was set to the maximum and the 
suspension left to be mixed for 15 minutes. Beazley (private 
communication) indicated that the practice for determining the duration 
of mixing time, is to put work into the suspension to achieve a 
temperature rise of 20-30°C which normally takes about 20 minutes 
However, at the highest solids (~ 70% w/w) it was found that if the 
0 temperature was greater than 30 C then the suspension would start to 
dry out. Using the Brookfield viscometer to determine the viscosity 
of the 70% w/w solids suspension after 5, 10, 15, 20 minutes of 
mixing it was found that after 15 minutes virtually complete dispersion 
had taken place and drying was avoided. 15 minutes was therefore 
used as the mixing time throughout the experiments. The finished 
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slurries were screened on a lOO mesh screen to.remove anr grit, 
and cooled to room temperature. Suspensions of lower solids were 
prepared by dilution from a high solids suspension since the initial 
. dispersion is better when working at high solids. The solids contents 
of all the suspensions were determined by drying and weighing and 
all measurements were normally made on the suspension as soon as 
possible after make. up. 
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CHAPTER 3 . 
RHEOLOGICAL EQUATIONS OF STATE 
3.1 Characterization and Formulation. 
The work in this thesis is specifically concerned with the 
rheological characterization of the behaviour of deflocculated china 
clay suspensions in steady, oscillatory and combined steady and 
oscillatory flow situations. However to facilitate the understanding 
of these studies a description of the various functions involved 
and the properties required by equations of state, in the 
characterization of elastico-viscous liquids in these flow situations, 
will be considered here. 
The primary requirement of equations of state is that they 
must describe the behaviour of a material element in the same way 
as the material element is seen to behave. Clearly, equations of 
state for elastic liquids will be more complex than Newton's or 
Hooke's Law. The study of the behaviour.of elastic liquids 1s 
greatly simplified however if it is assumed that non-linear effects 
in the viscous and elastic deformation processes are negligible. 
Such an assumption limits the type of motion that may be.studied, 
but is justified, for example, in the case of small amplitude 
oscillatory motions which are often used as a basis of systematic 
observations on small samples. (See Walters and Kemp, 1968a). 
Theoretically it is most convenient to characterize elastic 
liquids by means of linear equations of state relating the stress 
(1) 
tensor, pik' and the rate of strain tensor, eik: If only types 
of motion are considered in which non-linear effects can be ignored, 
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then the equations of state for an incompressible elastic liquid 
can be expressed in the form t 
(3.1) 
(3.2) 
where p 1s an arbitrary isotropic pressure, ~ is a relaxation 
function, gik is the metric tensor of a fixed co-ordinate system xi, 
and t is the current time. When the motion is slow and steady, 
equation (3.2) reduces to 
= (3. 3) 
where n
0 
is a constant known as the limiting viscosity at small 
rates of shear. 
The linear time-dependent behaviour of elastico-viscous liquids 
is usually investigated experimentally by subjecting the liquids to 
a small amplitude sinusoidal stress 
= 
iwt 
e (3.4) 
where w 1s the angular frequency of oscillation and the real part 
is to be understood. In this type of motion, the equations of state 
for any linear elastic liquid can be written in the form 
* (1) pi_k. = 2n eik (3.5) 
t In this thesis the standard tensor notation has been used with 
covariant suffixes written below, contravariantsuffixes above, and 
the usual summation convention for repeated suffixes implied. 
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* * where n 1s a function of w and is in general complex. n is 
known as the complex dynamic viscosity and is usually expressed 
in the form 
* n = 
iG' 
n' -
w 
where n' is given the name "dynamic viscosity" and G' the name 
(3.6) 
"dynamic rigidity". For a purely viscous Newtonian liquid, n' is 
a constant and G' is zero. 
Some of the phenomena associated with the non-linear behaviour 
of elastic liquids can be illustrated by considering a steady simple 
shearing flow in which the components of the velocity field v. 1n 
1 
a cartesian co-ordinate. system x. are given by 
1 
V = 0 2 = 0 (3.7) 
where q is a constant. In the case of a purely viscous Newtonian 
liquid, the corresponding stress distribution is 
where n 1s the constant coefficient of viscosity, as defined 
0 
(3.8} 
previously. p11 , p22 , p33 are known as the normal stresses and p12 
as the shearing stress. However when elastica-viscous liquids are 
subjected to a steady simple shear, normal stress differences occur 
and the viscosity is not a constant but is in general a monotonic 
decreasing function of the velocity gradient q (see for example, 
Oldrayd, 1958; Coleman et al., 1966; Lodge, 1964}. In this case, 
equation (3.8) has to be replaced by 
P12 = n(q)q (3.9) 
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where o1 , o2 and n are even functions of q, which are such that 
when q tends to zero, the normal stress differences also tend to 
zero but the "apparent" viscosity n tends to n
0
• o1, o2 and n 
are sometimes referred to as the material functions. 
The presence of normal stress differences in the flow of 
elastic liquids gives rise to a number of phenomena which are not 
present in the flow of purely viscous Newtonian fluids. One, known 
as the "Weissenberg" (1948) effect, is exhibited when a cylindrical 
rod is rotated about its axis in an elastic liquid having a free 
surface. In this situation it is observed that the liquid climbs 
the rod in a spectacular fashion. Another normal stress effect occurs 
when an elastic liquid flows out of a tube. The diameter of the 
emerging liquid stJeam increases, in some cases to as much as three 
or four times the diameter of the tube. This phenomena associated 
with Poiseuille flow is known as either the "die-swell", Barus or 
Merrington effect. 
Most of the developments in experimental rheology have concerned 
the determination of the material functions, n, o1 and o2 , associated 
* with a steady simple shear and the complex viscosity n for a small 
amplitude oscillatory shear (with and without a superimposed steady 
shear). 
Consistent theories and commercial rheometers, with different 
instrument geometries, exist to facilitate the determination of 
* n , n, o1 and o2 . One of the most popular instruments used for this 
purpose is the Weissenberg Rheogo.niometer (see Chapter 4). This 
machine has the capacity for incorporating different shearing geometries 
into the main body of the instrument·.. The geometries found to be the 
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most useful are those in which' the elastica-viscous liquids are 
either sheared between coaxial cylinders or in the gap between a 
cone and a plate or a plate. and a plate. The cone and plate geometry 
was in fact used in the experiments to be described in this thesis 
and is especially convenient, since the shear rate is constant across 
the gap if the angle between the cone and the plate is small (see 
' 3 -1 Walters and Waters, 1968) and the shear- rate does not exceed 10 sec 
approx. In this case. the measurement of the couple on the cone leads 
to a direct measurement of the apparent viscosity n(q). 
Of the three material functions, the apparent viscosity is the 
easiest to measure. The measurement of the normal stress differences 
o1 and o2 is however less straightforward. The determination of the 
first normal stress difference o,1 (q) in the lower shear rate range 
is now a well developed field and as noted previously the Weissenberg 
Rheogo.niometer can be used for the determination of this function 
(Walters, 1968), The most convenient method involves the measurement 
of the total normal force on one of the instrument members in the cone 
and plate rheometer. (Coleman et al., 1966). In the higher shear 
rate range, the "jet-thrust" technique appears to offer the best (and 
possibly only) method of determining o1 (q) (Metzner et al., 1961; 
Oliver, 1966). This involves the extrusion at high speed of the 
test fluid from a tube. The relevant information is either obtained 
by observing the expansion of the emerging jet or by taking thrust 
measurements of the fluid stream as it emerges from the tube. 
The second normal stress difference o2 (q) can be determined 
in principle in a number of ways. The most convenient involves the 
measurement of the pressure distribution a~ross the plate in the 
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cone and plate rheometer (Adams and Lodge, 1964). Many alternative 
methods of determining o2 exist, including: total normal force or 
pressure distribution measurements in the cone-and-plate and plate-
and-plate rheometers or in a cone-and-plate system in which the 
apex of the cone does not touch the plate (Jackson and Kaye, 1966); 
and pressure distribution measurements in annular pipe flow (Huppler, 
1965). 
The systematic development of this aspect of the subject has 
been hindered by the· fact that by common consent o2 is much smaller 
than o1 (but not necessarily zero, as originally thought) and by 
the fact that the use of manometers to measure pressure distributions 
is subject to sizeable "hole-pressure" errors which invalidate many 
of the earlier conclusions. (Broadbent et al., 1968; Tanner and 
Pipkin, 1969). When hole pressures are taken into account, it is 
now clear that o2 is opposite in sign and smaller than o1 (Pritchard, 
1971). The discovery of the hole-pressure effect has gone a long 
way towards resolving existing ambiguities. It has at the same time 
brought into question some of the earlier results. Controlled 
experiments which have been made, taking into account hole-pressure 
effects, illustrate the difficulties which still exist in·accurately 
measuring o2 (Pritchard, 1971). 
Theories for a number of instrument geometries are available 
* in the literature for the determination of n (Walters, 1960; 
Markovitz et al., 1952; Walters and Kemp, 1968a; 1968b). Most 
conventional rheometers are limited to frequencies below lOO Hz. and 
some to frequencies as low as 20 Hz. An alternative method of 
* determining n in the same frequency rangehas received wide publicity 
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(Maxwell and Chartoff, 1965; Kepes, 1968; Broadbent and Walters, 
1971). This involves the generation of a steady motion in which 
the instrument members rotate with the same angular velocity about 
axes which are not coincident. The real and imaginary parts of 
* n are obtained by recording the components of the couple or the 
components of the force on one of the instrument members. Consistent 
theories are available for a number of geometries and at least four 
commercial rheometers now make use of this new principle (Jones and 
Walters, 1969; Abbott and Walters, 1970; Abbott et al., 1971). 
The above methods have all been used with varying degrees of 
* success by experimenters in the determination of n , n, o1 and o2 . 
However, these functions are associated with very simple flow 
situations. There are certain~y other rheometer flows (some of 
which are available on the Weissenberg Rheogoniometer) which are 
not of this type. For example, oscillatory flows where the amplitude 
is not small, or a unidirectional shear flow comprising a steady 
and an oscillatory component. . . * In these s1tuat1ons n , n, a1 and a2 
are not in themselves sufficient to characterize the behaviour of 
elastic liquids. To study these situations it is necessary to 
consider suitable equations of state relating stress and deformation, 
together with the familiar equations of motion and equations of 
continuity. It is clear, therefore, that a detailed consideration 
of equations of state for :elastico-vis6ous liquids is required. 
Most of the important developments in continuum theoretical 
rheology took place in the'l950's. Oldroyd (1950), in a comprehensive 
paper, discussed the general principles of the formulation of 
equations of state and the application of the general theory through 
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the construction of fluid models. The major principles to be 
satisfied may be stated as follows: 
1) The equations must describe properties independent of the frame 
of reference. 
2) The equations of state must be consistent with the requirement 
that the behaviour of a material element depends only on its 
previous deformation history and not on the state of neighbouring 
elements• 
3) The equations of state must be consistent with the requirement 
that the behaviour of a material element does not depend on the 
translatory or rotatory motion of the material as a whole in 
space. 
By writing the equations in tensorial form and working in terms 
of a deforming convected co-ordinate system, Oldroyd was able to 
obtain the desired results. This work has subsequently been used to 
develop further equations of state for elastico-viscous liquids (see 
for example, Oldroyd, 1958; Fredrickson, 1964; Walters, 1965). Other 
workers, notably Rivlin and Ericksen (1955), Green and Rivlin (1957, 
1960) and Coleman and Noll (1960, 196la, 196lb, 1964) have approached 
the problem of formulation in a different way from Oldroyd, but the 
various approaches are complementary as sho~ by Walters (1965). 
In this thesis, the notation and fundamental ideas used in the 
description of the equations of state will follow closely those 
proposed by Oldroyd (1950). A suitable deformation variable may 
be taken as the right Cauchy-Green tensor Cik' which is related to. 
the change in distance between neighbouring fluid elements. This 
~s given by 
c.k(x,t,t') 
~ . 
C!x'm 
= --.-
ax~ 
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g (x'}- g.k.(x), 
mr- ~ -
(3.10) 
i gik being the metric tensor of the fixed system of co-ordinates x , 
and x'~ is the position of time t' of the element that is 
. 1 h . ~ . ~nstantaneous y at t e po~nt x at t~me t. The second term on the 
right hand side of equation (3.10) is included to ensure that small 
deformations correspond to small values of Cik" 
Elastico-viscous liquids are materials for which previous 
rheological history is important in determining the current response 
and it should therefore be expected that time derivatives and "memory" 
integrals play an important part in the equations which characterize 
their behaviour. A time derivative which does not imply any dependence 
of absolute motion in space is denoted by ·~ , where f~r a symmetric 
· vt . 
covariant tensor Eik (cf. Oldroyd, 1950) 
{J Eik C!Eik C!E.k av m avm ·m ~ 
--= + V + --. Emk +kE. • a~rn ax~ . m~ {Jt at ax 
(3.11) 
i being the velocity V vector. 
Useful kinematic variables are those related to the rates of 
change of distance between neighbouring elements. These "rate of 
. " (n) . . b stra~n tensors eik are g~ven y 
n 
1 {J gik (x) 
=-
2 {J tn 
(3.12) 
e~~) being the familiar (first) rate of strain tensor of classical 
hydrodynamics. 
to the (n) . eik by 
A(n) = ik 
The Rivlin-Ericksen (1955) tensors A~~) are related 
2 (n) eik 
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Having defined the tensor variables to be used in this thesis, 
the next problem is the formulation of suitable equations of state 
r 
for the flow situations to be considered. 
3.2 Equations of State. 
(i) Viscous-inelastic liquid.· 
An inelastic non-Newtonian fluid is characterized by its apparent 
viscosity and its equations of state are given by equation (3.1) .and 
= 0.13) 
~here 12 is the second flow-invariant. The model is one whose behaviour 
in a simple shear flow is characterized by the absence of normal 
stress effects but.which has a viscosity-shear rate behaviour identical 
with that of the Oldroyd model (see next Section). 
(ii) Oldroyd Fluids. 
The Oldroyd (1950, 1958) class of fluids are mainly used by 
theoreticians to supply a qualitative picture of·observed behaviour 
(see Barnes et al., 1971). One of the most popular of this class 
of fluids, introduced in 1958, has the equations of state given by 
equation (3.1) and 
'k .G ,ik (1) 'k 
,1 + A ~ pi.J 1 P 1 iJt + ~o J e 
r (1) ik {Je (l) ik] 
= 2nole +. >..2 {}t ' 
where n is again the limiting viscosity of small rates of shear and 
0 
(3.14) 
. A1 , A2 and ~0 are material constants each with the dimensions of time. 
The main advantages of this_equation is that it exhibits normal stress 
differences and has an apparent viscosity of the form 
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whicn is more convenient than the 
2 third order relation n
0 
- n2 q (see Rivlin and Ericksen, 1955) 
which ultimately leads to a negative viscosity. q is the shear 
rate in these expressions. 
The various constants associated with equation (3.14) have to 
satisfy certain inequalities for the model to be physically realistic, 
for example 
(3.15) 
It can therefore be deduced that the apparent viscosity falls from 
(iii) The Simple Fluid of Coleman and Noll (196l.b) 
It has been noted previously that a different approach to that 
proposed by Oldroyd (1950), of formulating equations of state was 
presented by other workers. The "simple-fluid" model of Coleman 
and Noll (196l.b); whose governing equations are given by equation 
(3.1) and 
(3.16) 
is a typical example of a set of very general equations put forward 
by this different school of thought. In equation (3.16) F is a 
tensor-valued functional, t is taken to represent the present time 
and t' an earlier time. 
In their development of the theory, Coleman and Noll (196l.b) 
show that when the deformation is small, equation (3.16) may be 
expressed as a series of integrals. In the simplified form given 
by Pipkin (1964) for incompressible fluids, the third order equations 
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are given by 
.. 
It It i . M2(t-t',t-t'')Ci(t')Cik(t'')dt'dt'' 
-eo 
-oo -eo 
+I. tIt It M (t-t' t-t'' t-t''')C1 (t')Cm(t'')C. (t"')dt'dt"dt"' 3 ' ' m i ~k 
-oo -oo -oo 
+ Jt Jt It M4 (t-t',t-t'',t-t''')C~(t')C~(t'')Cnk(t''')dt'dt''dt''', 
-oo -oo -oo 
(3.17) 
where Cik is given by equation (3.10). To first orde~ equation (3.17) 
may be written as: 
(3. 18) 
-eo 
* It should be noted, for future reference, that n is related to 
the kernel '(or memory) function M1, by the equation: 
* i [ [ -iwF; J · n = w 
0 
M1 (F;) 1- e dF; (3.19) 
Coleman and Noll (196l.a) show that if the fluid has a fading 
memory, the functional in equation (3.16) may be approximated by a 
function of the derivatives of the argument evaluated at t'=t i.e. 
(n) the rate of ·strain tensors eik i.e. 
• = f. r (1) Pik 1 _eik • e~~),.. . . . . . . . , e~~)) , (3.20) 
where fi is a tensor-valued function. The fluid characterized by 
equation (3.20) is sometimes referred to as the Rivlin-Ericksen 
fluid (1955). 
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In addition to "fading memory" other assumptions can be made 
which simplify equation (3.16) such as "slow flow", which in this 
context requires the accelerations as well as the velocities to be 
small. An alternative approach to the problem of developing equations 
of state for elastico-viscous liquids is to limit the type of flow 
which is to be considered rather than assuming simple equations for 
all conditions of motion and stress. The next section considers an 
equation of state which can be applied in unidirectional flow situations. 
(iv) The Pipkin Model (1966). 
If consideration is c·onfined to the shear stress in unidirectional 
flow (< say) it is possible to write 
t·'-t ~ ~ <(t) = ; . D(t-t') 
t'=-oo 
(3.21) 
where F is now a scalar functional of a suitable deformation history 
D(t-t'). If, 1n addition, the flow is considered to be a perturbation 
about a state of steady shear flow, so that: 
D = q(t-t') + ~D (3.22) 
equation (3.21) may be written in the simplified form (cf. Pipkin, 1966): 
,<t> = 'o +.It ~ 1 <q,t-t'>~n<t-t')dt' 
-eo 
+ I
t It f1 (q,t-t',t-t'')~D(t-t') D(t-t'')dt'dt'' (3.23) 
-eo -CXJ 
where < 1s the unperturbed shear stress, given by < = n(q)q. 
0 0 
~-l and ~ 2 satisfy the consistency relations (cf. Pipkin, 1966) 
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(3.24) 
(3.25) 
The problem which faces the theoretician is to choose an 
equation of state which represents most accurately the behaviour 
. of elastico-viscous liquids under a given flow condition. Equations 
(3.13), (3.14) and (3.23) will all be found to be of use in the 
development of the characterization of deflocculated china clay 
suspensions in the flow situations considered in this thesis. 
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CHAPTER 4 
THE WEISSENBERG RHEOGONIOMETER 
Introduction. 
Previous chapters have described the material to be used in 
this work and its method of preparation, as well as the basic 
rheological equations of.state describing its expected behaviour. 
In this chapter, the instrument used for making the actual measurements 
and its mode of setting up and use in practice, will be described 
briefly. Consideration will also be given to the theories used 
to extract results from the information given by it. 
' The measurement of the apparent viscosity n(q) is fairly straight-
forward and a number of viscometers with various geometries have been 
built for the purpose (see Dinsdale and Moore, 1962). The Brookfield 
viscometer, manufactured by the Brookfield Engineering Laboratories, 
Staughton, Mass., and the Ferranti-Shirley viscometer made by Ferrant.i' s 
of M~nch~ster are just two widely used instruments from a range of 
commercial rheometers available. The former is a rotational instrument 
of simple but effective design, where the sample is sheared by a 
rotating circular disc immersed in it. It is particularly suited 
for control purposes, but the indefinite nature of the shear field 
makes a precise expression of the shear rate impossible, though there 
is evidence that at the highest rotational speeds a shear rate of 
about 30 sec-l is imposed; the fnstrument is thus a "low shear" 
instrument. The Ferranti-Shirley viscometer, however, is a more 
sophisticated instrument in.which the sample under test is sheared 
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in the gap between a stationary flat plate and a rotat~ng, near 
flat cone, which 'touches' the plate at its apex. (The cone is 
in fact truncated and in the context of cone and pl~te geometries 
'touches' is taken to indicate that if the cone wasn't truncated 
then the apex would touch the plate). The shear rate can be varied 
continuously by a 10 turn helical potentiometer calibrated from 0 
to lOO in steps of 0.1 and it is possible to connect up electronic 
attachments which allow the instrument to be used for automatic 
plotting of shear stress/shear rate flow curves. Beazley (1966) 
describes these instruments in detail and discusses their use with 
particular reference to the rheological investigation of clays. 
The apparent viscosity in itself, however, is incomplete 
information and tells the experimenter very little about the other 
non-Newtonian properties of elastic fluids, such as normal stress 
differences o1 and o2 which occur in steady shear, and the distinctive 
"elastic" features of many of these materials that particularly 
manifest themselves in unsteady flow situations. 
It is clear that a very versatile instrument 1s required to 
characterize non-Newtonian materials in any satisfactory way. The 
instrument must incorporate facilities for testing fluids under 
different flow conditions and must have the ability to determine 
normal and shear stresses. The Weissenberg Rheogoniometer, 
manufactured by Sangamo Controls Ltd., is a commercial instrument 
which incorporates these features. 
All the experimental results obtained and discussed in this 
thesis were carried out using a Weissenberg Rheogoniometer. For this 
reason, a detailed description of the machine including the type of 
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measurements available and the existing interpretation of experimental 
results will be given. No experiments involving the measurement 
of normal stress differences were required for the work considered 
here and consequently details of this aspect of rheological m~asurement 
available using the Weissenberg Rheogoniometer have been omitted. 
However, this topic has been covered in a publication by Walters (1968)· 
and with particular reference to suspensions, Beazley (1966) has 
shown that the Weissenberg Rheogoniometer can be used at high shear 
rates to demonstrate the presence of normal forces in dilatant clay 
suspensions. 
·4;1 · Description of the Weissenberg Rheogoniometer. 
Fig. 12 shows the instrument as set up in the author's laboratory 
and Fig. 13 a schematic diagram of a Weissenberg Rheogoniometer with 
normal forces measur~ng facilities attached which the instrument 
") 
in figure 12 does not have. On the left is mounted the motor/gearbox 
drive unit. This consists of an aluminium base standing on anti-
vibration mountings and carrying two motors and gearboxes A, B. The 
drive between the motor (3000 r.p.m.) and gearbox is through a flexible 
coupling and the drive from the gearbox to the rheogoniometer is by 
a shaft connected by specially chosen universal couplings. The 
gearboxes which are logarithmic and cover a 105 •9 - fold speed range 
in sixty steps are coupled to the measuring head on the rheogoniometer 
via an electromagnetic clutch, which can be energised or released at 
two different current settings • 
. The measuring head is rigidly constructed and consists of the 
measuring faces (plate and plate, cone and plate or cylinder and 
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cylinder), a torsion bar, the gap setting transducer and various 
ancillaries. On the instrument fitted with normal forces measuring 
devices, a spring and servo mechanism for measuring forces normal 
to the plate, while maintaining a constant gap between the su~faces, 
is attached to the measuring head. Not shown in the diagram is the 
constant temperature chamber which encloses the plates. 
Power enters the measuring head. via the drive shafts from the 
electromagnetic clutch; this drives the lower platen (mounted on 
a vertical shaft) through a worm and gear. Motor A, directly 
connected to the lower platen, drives it ·in direct rotation, whereas 
motor B, which is connected to the lower platen through a mechanical 
sine wave generator, drives it in oscillation. The motions can be 
run independently or simultaneously, and in the latter case a 
superimposed steady and oscillatory motion is obtained. 
The test fluid is~tontained between a lower platen C and an 
upper platen D; in the present work C corresponds to a flat plate 
10 
and D to a 'flat' cone which has an angle of 2 . The latter is held 
by a torsion bar E clamped to the head and can rotate against the 
restoring torque of the.torsion bar through a frictionless air 
bearing J. The torsion bar can be readily changed and the sensitivity 
of the instrument so adjusted that any material from a gas to a 
solid plastic can be accommodated. A transducer F mounted to the 
right of the torsion bar detects the tangential shear stress by 
measuring the tangential displacement of the bar. The entire upper 
system is strongly supported ~n order to prevent sideways deflection. 
For experiments involving an oscillatory input, the transducer I 
measures the input amplitude while F measures the amplitude and 
55 
phase difference in the test fluid, as transmitted to the upper 
platen. The gap between the platens is set and controlled accurately 
by a transducer K, mounted vertically on the torsion head. The 
signals from the transducers are picked up by the electronic equipment 
shown in figures 12 and 13. In addition to the basic electronic 
equipment supplied with the machine a Solartron Time Domain Analyser 
was used to give a digital representation of the output. The digital 
output obtained was the mean value of the sinusoidal variation of 
the shear stress. In oscillatory shear experiments a record of the 
transducers, F and I, may be taken by means of a U.V. recorder or 
a direct measurement of the phase lag and amplitude ratio may be 
obtained by using a Transfer Function/Analyser. In the experiments 
carried out in this work the latter \vas not available and a U. V. 
recorder was used throughout. 
With the Weissenberg Rhegoniometer, the range of shear rates 
4 -2 -1 
available is approximately 10 to 10 sec , although it is not 
possible to use the high shear rates with thicker materials or to 
obtain measurable readings with the low shear rates in thin materials. 
-5 In oscillatory shear, a frequency range of 6 x 10 - SO Hz. is 
available and the amplitude at the lower platen can be varied from 
6 x 10-4 to 3 x 10-2 radians. 
4.2 Setting up the Instrument and Experimental Procedure. 
The cone and plate 'set up' on the Weissenberg Rhegoniometer 
was the only one used in this work. The basic geometry is illustrated 
in Fig. 14. In the general case, the semi-vertical angle of the cone 
is denoted by TI/2 - 6 and the radius of the cone (i.e. the distance 
0 
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from edge to vertex) by a. The cone is truncated (as shown) in 
order that scoring of the surfaces will not take place. 
The inertia of the system contributes to the measured value 
of the torque on the cone. It is necessary, therefore, to measure 
this inertia before setting up the apparatus. This is best done 
by allowing the torsion head to move under its natural frequency. 
The top cone is oscillated in its air bearing and its natural 
frequency is measured from the transducer F and recorded on a U.V. 
recorder. This procedure should be repeated if either the top cone 
or torsion bar is changed. The natural frequency is given in terms 
of the moment of inertia r 1 by 
(4. 1) 
where K1 is the restoring constant of the torsion wire. 
The procedure adopted for loading the·clay samples was as 
follows: 
The test liquid was placed centrally onto the lower platen, which 
was a 7.5 cm. diameter plate, using a nickel spoon. The spoon held 
approx. 1 ml. of sample and it was found that between 1 and 2 spoonfuls 
were required. The torsion head was then wound down until the gap 
between the truncated cone and plate reached its correct value 
(~upplied by the manufacturer- Sangamo Controls Ltd.). For this 
work only one cone was-used throughout the experiments and, as supplied, 
it had 22 11m .. truncated from the tip which ensured that particles 
could pass under the cone apex without snagging it. Interference on 
shear properties caused by this truncation was negligible. The diameter 
of the cone was 5 cm. and its angle, with respect to the horizontal 
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10 . 10 . 
axis, was 2 (Le. 60 in Fig. 14_ is 2 ). 
The surface of the excess sample was sprayed with water from 
. . 
a scent spray. This procedure had been used previously by Beazley 
(private communication) who believes that this additional water does 
not diffuse into the sample in the cone and plate gap itself. The 
test liquid was then subjected to different types of deformation, 
namely oscillatory and/or steady shear, and the data obtained. In 
the case of steady shear the same sample was measured. at progressively 
increasing rates of shear and in combined steady and oscillatory 
tests progressively increasing oscillations were superimposed on . 
a steady shear. The sample was replaced after each run and the 
experiment repeated with a different steady shear rate. All experiments 
were carried out at room temperature io ± 1°C. It is important that 
the ·data obtained are interpreted correctly and this problem will now 
be considered with attention being confined to the types of experiments 
that were performed in this study. 
4.3 Interpretation of Experimental Results. 
Forced Oscillation Measurements. 
The Weissenberg Rheogoniometer has facilities for investigating 
the behaviour of liquids under oscillatory-shear in a number of geometries. 
A parameter which is common to the relevant theories for all the 
geometries is a, given by (Walters, 1968) 
2 
a = 
iwp 
~ 
T) 
(4.2) 
where p is the density of the liquid, w is the frequency of the 
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* oscillation and 11 is the complex viscosity. It follows that once 
a is obtained as a function of w, it is a simple matter, in principle, 
* to obtain 11 • 
For some time the cone and plate system appeared to have certain 
theoretical limitations in oscillatory testing. The limitations 
arise from the difficulty in obtaining a simple theoretical formula 
to interpret the experimental results (cf. Maude and Walters, 1964). 
However, Walters and Kemp (1968.a) obtained a simple approximate 
formula for the case when the cone angle, e , is .small. In this 
0 
same paper they show that in oscillatory-type .experiments, it is 
important that .the interpretation of experimental results should be 
based on both amplitude ratio and phase lag measurements s~nce 
ambiguities arise if the interpretation is based on just one of these 
(see also Walters, 1960 .. ) • The plate is made to oscillate at a 
given frequency and the resulting motion of the cone is recorded. 
It is assumed that the cone angle is small enough for the free 
surface bc;:mndary effect to he ignored. 
If e1 is the angular amplitude of the motion of the cone and 
a 1 that of the plate and if the amplitude ratio e1;a1 is defined as 
] and c is the phase lag of the cone behind the plate, then the 
resulting formula connecting J and c, when fluid inertia is neglected, 
is essentially (Waiters and Kemp, 1968.a): 
where 
ic 
e 
J 
S. = 
1 + se 
0 
3 
5 2npa 
2 
a a 
2 (4. 3) 
(4.4) 
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Writing 
T = (4.5) 
and separating into real and imaginary parts it follows that: 
n' 
wT J s~n c 
= l - 2] cos c + 1 - (4.6) 
and 
2 
c - ]) G' = w T J (cos 2 J - 2] cos c + 1 
(4. 7) 
.These formulae can be used to determine the dynamic data directly 
from the· experimental results (when fluid inertia is negligible). 
Fig. 15 contains typical traces of the motion of the two oscillating 
members and the measurements necessary to calculate the amplitude 
ratio and phase lag. 
Steady Shear Experiments. 
In oscillatory testing with a rheogoniometer there is little 
to choose between the various available geometries used ~n experimental 
tests on fluids with a high viscosity. This is not so with steady 
shear experiments, where the basic cone and plate geometry has 
advantages over other geometries. In particular for a small cone 
angle, i.e. small e , the shear rate across the gap is a constant 
0 
(Walters and Waters, 1968). 
The apparent viscosity n(q) can be obtained directly from 
measurements of the couple on the cone. The relation between the 
couple and n(q) is simply (cf. Coleman et al., 1966; Walters, 1968): 
2 3 Couple = 3 n a q n(q) (4.8) 
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It is clear that a knowledge of the couple for different rotational 
speeds in a given cone and plate assembly can be immediately converted 
into meaningful viscosity - shear rate information. It can be seen 
from equation (4.8) that the shear stress (T = qn(q)) may also be 
easily obtained. 
Combined Steady and Oscillatory Shear Experiments. 
The Weissenberg Rheogoniometer has facilities for investigating 
materials under combined steady and oscillatory shear. In this 
situation it is possible to investigate the effect of the steady 
shear on the functions usually associated with oscillatory testing 
alone and also to study the effect of the oscillatory shear on the 
"mean" couple (see Chapters 5 and 6). · 
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CHAPTER 5 
THE RHEOLOGICAL BEHAVIOUR OF DEFLOCCULATED 
- - . 
CHINA CLAY SusPENSIONS - CoNCENTRATION EFFECTS 
Introduction 
Since Einstein's initial work on suspens1on rheology in 1906 there 
has been tremendous progress made, especially in the field of dilute 
suspensions, with the work of Professor Batchelor and his collaborators 
(see Batchelor, 1971; Hinch and Leal, 1972) in the area of mic-rorheology 
providing the most_ exciting recent theoretical developments. It was 
noted earlier however that the characterization of concentrated suspensions 
has not enjoyed the same success; this is due to complexities that arise 
in these situations. Interaction between particles can no longer be 
ignored and the problems of rotation and deformation of particles, also 
associated with some dilute suspensions, can occur. Because of these 
difficulties there has been relatively little published work in this 
area. The work presented in this chapter and-Chapter 6 goes some way 
towards rectifying this situation by considering the characterization 
·of 'Dinkie Special' a paper coating clay. 
Beazley (1966) had already considered the shear stress/shear rate 
.behaviour of this clay in suspension using a Ferranti-Shirley viscometer. 
The suspensions were made up at different concentrations and deflocculated 
with 0.3% Calgon and 0.15% caustic soda. His results are illustrated 1n 
Fig. 16 and show that shear thickening behaviour can be detected from 
60.5% to 71.3% by weight (w/w.) concentrations, although attention should 
be drawn to the ·very high shear rates required to show this at the lower 
concentrations. The only differences 1n 'make-up' between these 
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suspensions and the ones tested here are the type and amount added of 
the deflocculating agent. Details of these were given in section 2.6 
of Chapter 2. 
The work performed on polymers by Jones and Walters (1968, .1971), 
referred to earlier in Chapter 1, showed the importance of .combined 
steady and oscillatory testing 1n the rheological characterization of 
materials.· Their success. led to the work presented here since it was 
felt that their approach could be developed ·and applied to deflocculated 
clay suspensions. Papenhuijzen (1971 a,b) and Barry and Eccleston (1972) 
have investigated the flow properties of suspensions by concentrating 
on the effect of the superimposed steady shear on the oscillatory motion. 
The!'e, as well as other investigators including Booij (1966 a, b), .have 
been particularly concerned with the effect of the steady shear on the 
dynamic viscosity n 1 and dynamic rigidity G 1 measured as func'tions of 
the frequency of oscillation. This will not be considered here since 
the work is primarily concerned with the effect of the oscill-atory shear 
on the mean motion. The work is concerned exclusively with the shear 
stress t i.e. no consideration will be given to the normal stresses. 
Barnes and Eastwood (1973) considered a similar ·theoretical and 
experimental study of a suspension of starch granules, but their work 
differs, in certain aspects, from that presented here. These differences 
will be mentioned later. 
Clay suspensions in the concentration range 59.6 - 71.8% w/w. are 
tested in a cone and plate geometry on a Weissenberg Rheogoniometer. 
The theory is therefore developed (in section (5.1)) for superimposed 
flow in the cone and plate geometry •. This chapter is concerned with 
·concentration effects and illustrates how the work naturally divides 
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itself into two. This division arises at concentrations in the region 
of 67% w/w. Above this concentration, the suspensions considered do 
not exhibit shear thinning behaviour over the whole of the shear rate 
* range .under consideration but shear thinnin,g and shear thickening 
behaviour are observed. This behaviour is directly related to concentration; 
the shear thickening mechanism naturally increasing with increasing 
concentration. 
The characterization of the 'dilute' suspensions ~s included in 
:this chapter with Chapter 6 being concerned solely with the characterization 
of the high.ly concentrated suspensions. Predictions are made, some 
quantitative, some qualitative, and these are checked experimentally 
in sections (5.2) and (6.2) respectively. Certain parts of the theory 
developed in this chapter will be applicable to the work in Chapter 6 
but this will be enlarged upon as necessary in Chapter 6. 
5.1 Theory. 
All physical quantities are referred to spherical polar coordinates 
(r, e, .), the positions of the cone and plate being given bye = B 
and e = Tr/2, respectively (see Fig. 14). The axis of rotation is taken 
. as the polar axis and the relevant form for the physical c·omponents of 
the velocity.vector is: 
v(r) = 0, v(e) = o, 
which automatically satisfies the equation of continuity. It is assumed 
that the gap angle between the cone and plate is small and that inertial 
* 
-1 Shear rates of up to 300s. approximately have been considered. 
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effects can be ignored, so that secondary flows are not relevant 
(Walters and Waters, 1968; Jones, 1970). 
The shear rate y is given by 
aw y =-
a6 . (5 .1) 
If the plate is given a forced motion consisting of a steady and an 
oscillatory part, and the cone is constrained·by a torsion wire, the 
relevant form for y in the liquid is 
{ 
iwt 2 2iwt} y = Re q. + q£F(6)e + q£ G(6)e , (5. 2) 
where 
£---
q 
(5. 3) 
In equation (5.2), F and G are non-dimensional complex functions of 6 
and Re denotes the real part. In equation (5.3), a 1 is the angular 
amplitude and w is the frequency of oscillation of the plate. It is 
assumed that £ is sufficiently small for terms of order £3 to be ignored. 
For a small gap between the cone and the plate, the steady shear 
q is given by the constant value (Walters and Waters, 1968) 
(5. 4) 
where n is the steady angular velocity of the plate and 6 = ~12 - B. 
0 ' 
Further, the function F is given by (Walters and Kemp, 1968a) 
(eic _ ]) 
6 
F c i (5.5) 
0 
where Ja1 is the angular amplitude of the.motion of the cone and c is 
the phase lag of the cone behind the plate. It can be easily verifie_d 
that equations (5.4) and (5.5) satisfy the equations of motion for any 
proposed equations of state. 
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A general description of equations of state was g1.ven 1.n Chapter 3 
and in particular the right Cauchy-Green tensor Cik was defined as a 
suitable deformation variable i.e. 
- g.k(x) 
l. -
(5.6) 
i 
where gik is the metric tensor of the fixed system of coordinates x , 
and x' 1 is the position at time t' of the element that is instantaneously 
at the point xi at timet. If the-displacement functions x'i are written 
as r', e', ~·.it is easily verified that for the velocity distribution 
under consideration, 
r' = r, e' = e, ~· =~-It W(S,t'')dt'' 
t' 
(5.7) 
From equations (5.6) and (5.7), the physical components of C.k can be 
. l. 
shown to be 
0 0 
0 -D (5. 8) 
0 -D 0 
where 
{ ie: F iwt [1 _ e-iw_ (t-t'_>l} • D = Re q ( t-t') - 00 q e J (5.9) 
This work is concerned only with the shear stress T, which on 
account of equation (5.8) can be written in the form (Pipkin, 1966) 
t'=t I, l 
T(t) = Fl ~(t-ti~·, 
t'=-co 
(5.10) 
where F1 is a scalar functional (cf. Chapter 3). From equations (5.8) 
and (5.9) it is noted that provided e: is. sufficiently small, the 
'deformation is equivalent to a slight perturbation of a state of steady 
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shear flow. The work of Pipkin (1966) implies, therefore, that equation 
(5.10) can be written in the simplified·form 
l" = 1" 0 + (,,cf>l (q,t-t')liD(t-t')dt' 
+ It- It cf>2(q,t-t 1 ,t-t' ')liD(t-t')liD(t-t' ')dt'dt' I ' 
where [
. F iwt ~l _ e-iw(t-t')l) , !ID = Re u:q w e L J 
and terms of order 3 have been ignored. In equation (5.11)' E 
the unperturbed shear stress given by l" qn(q). 4>1 and 4> 2 . 0 
the consistency relations (see Chapter·3) 
and 
(5 .11) 
(5. 12) 
l" is 
0 
satisfy 
(5.13) 
(5.14) 
Substituting equation (5.12) into (5.11) and making use of the result 
(5.15) 
where f 1 and f 2 are complex functions and the bar denotes the complex 
conjugate, the following expression for l" is obtained: 
[ [ 
- -iw~ -iw~ ) cf>2(q,~l'~2)(1-e 1)(1-e 2)d~ld~2 • 
0 0 . 
(5 .16) 
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A general expression for FF ~n terms of n' and G' can be obtained using 
equation (5.5). This equation yields the expression 
1- 2] cos c·+ 12 FF = ------~-------
8 2 
0 
which when solved in conjunction with equations (4.2), (4.3) and (4.4) 
gives 
[1 
G' 2 ) 
+ -2-2 
w n' 
. where 
T = 
T2 6 ,2 w n 
T2 6 ,2r w n 
(5.17) 
(5 .18) 
I 
K1 being the restoring constant of the torsion wire, I 1 the moment of 
inertia of the cone about its axis and a the radius of the cone. 
In the case of a small gap angle and negligible fluid inertia, the 
relevant stress equation of motion is 
dt = 0 
dB (5. 19) 
It is easily verified that equation (5.16) with .(5.4) and (5.5) satisfy 
this equation. 
In the case of a small amplitude oscillatory motion without any 
superimposed steady shear, it is customary to write (cf. Waiters,· 1968) 
* T = n y , 
which from equation (5.2) becomes essentially: 
* iwt T = n· EqFe 
. (5. 20) 
(5.21)_ 
It is seen from equation (5.16) that in the case of superimposed steady 
shear, it is possible to define an effe~tive complex viscosity n* given by 
* n 
i 
(I) 
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(5. 2.2) 
* .The rheogoniometer can be used to determine n as a function of w 
for various values of q. These in turn can be used to calculate the 
expression given in equation (5.22). It is very unlikely that any 
directly useful information concern~ng the kernel function can be 
obtained from these results. However, interesting predictions can be 
obtained from the analysis when the frequency of oscillation is small. 
In the limiting case as w + O, (5.22) reduces to 
which implies that 
and 
n' -+ 
dT 
0 
dq 
G' + 0 
dT 
- 0 
- dq 
as w + 0 
as w + 0 • 
(5. 23) 
(5.24) 
The work 1n this chapter and Chapter 6 is primarily concerned with 
the. effect of the oscillation on the mean shear stress and the mean 
couple. 2 From equation (5.16) it can be seen that to order£ , the mean 
shear stress is given by 
(5. 25) 
3 
where terms. of order £ have been ignored. From equation (5.25) it 1s 
easily deduced that the percentage increase I in the mean couple on one 
of the instrument members is given·by 
. 2 2 
I= 50~ 
2 T W 
0 
(5. 26) 
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If w + 0, with q .fixed, it is easily verified that I + 0. On the 
other hand, if w + 0 with E fixed, it can be shown that 
2 2 
I 1..__..,.. = 25 ~ q 
W'V To 
2 
.d .T 
FF --0 
dq2 
(5.27) 
Equations (5.24) and (5.27) imply that 1n the limit of zero frequency 
all elastico-viscous liquids behave as non-Newtonian inelastic liquids, 
characterized only by their shear dependent viscosities n(q). 
Two equations of state discussed in Chapter 3·will now be examined 
more closely with a view to the problem of characterizing china clay 
suspens1ons. The first to be considered is a viscous-inelastic model 
and the second is the Oldroyd (1958) model. The former is considered 
primarily to point out the differences between this wo.rk and that· of 
Barnes and Eastwood (which was referred to earlier), and to illustrate 
why the viscous-inelastic model cannot be used to characterize the clay 
suspens10ns. Confirmation of the form of I given by equation (5.27) is 
also obtained. Having shown that a viscous-inelastic theory is unsuitable, 
consideration will be given to an elastico-vi~cous model. 
It was noted in the introduction to this chapter that a detailed 
study of the highly concentrated suspensions would be considered in 
Chapter 6 and that lower concentration suspensions would be discussed 
here. The rheological shear history of a concentrated deflocculated 
china clay suspension.was illustrated in Fig. 10. The four regions of 
flow can easily be differentiated. The equivalent curves for different 
concentrations by weight of Dinkie Special suspensions are shown ·in 
Fig. 16 but only the first two regions of flow can be detected even up 
to very high shear rates. At the lower concentrations shown it is only 
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just possible to detect the first shear thickening region at these 
shear rates. Therefore, as the concentration is reduced it becomes 
necessary to characterize a fluid which only demonstrates sh~ar thinning 
behaviour. Consideration is given to the Oldroyd (1958) model since 
I 
this model has been found to be successful in the characterization of 
non-Newtonian fluid flow under superimposed steady and oscillatory shear 
situations. Booij (1966 b), obtained qualitative agreement between 
theoretical and experimental results and Jones (1970) successfully 
characterized polymer solutions. 
Viscous-Inelastic Theory. 
Since the work is only concerned with the shear stress, <, for the 
case of the viscous-inelastic fluid, whose eq~ation of state l.S given 
by equation (3.13), the shear stress 
• = n(y}y • (5.28) 
Therefore by expanding equatio? (5.28) by Taylor's series and making 
use of equation (5.15), the following expression forT is obtained: 
0 l.Wt 
( 
dT . ) 
T = T0 + Re Eq dq Fe 
2 2 iT 
+ .£.....9_ __ o 
4 dq2 
(5.29) 
where terms of E3 have been ignored. Barnes and Eastwood (1973) working 
with a shear thinning suspension and a shear thickening starch suspension 
assumed that it is not necessary to include the analysis for the second 
term. in equation (5.29). The relevant analysis will however be included 
here by considering the equation of motion of the cone, given by 
(5.30) 
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where 4> is the mean angle deflection of the cone and K1 , I 1 and a 
are as defined previously. Therefore by substituting for T Ln 
·equation (5.30) and equating steady terms, the following equation LS 
obtained: 
2 3'1[ 
Similarly, equating time-dependent terms of order £ yields 
R (2 3 dTo Feiwt) = R.e ((K -I uhE.9. Jeiwt) 
e 3 'IT a £q dq 1 1 w 
Equations (5.32) and (5.5) then give 
(5. 31) 
(5.32) 
(5. 33) 
(It should be noted that this result can be verified by substituting 
the results (5.24) into equation (5.17)). From equation (5.31) the 
percentage change Ln steady couple, I, is therefore gLven by 
(5. 34) 
From equation (5.34) it is possible to predict a percentage increase 
in couple which depends on the second derivative of the shear stress/ 
shear rate curve. It can also be shown that I is frequency independent 
except for frequencies very near the natural frequency of the system. 
Results of tests performed on a 59.6% w/w. suspension will be used. 
to illustrate the applicability (or inapplicability as the case.may be) 
2 
. dT .d T 
of these theoretical predictions. . 1 ' 0 d 0 FLg. 7 shows T
0
, ~an ---2- v.q 
' q dq 
curves obtained experimentally for this suspension and Fig. 18 the 
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predicted theoretical curve of I against q, for fixed e:, usi_ng these 
.d2-r 
values of -r
0 
and~ substituted into expression (5.34). Experimental 
dq . 
curves included in Fig. 18 show that I is frequency-dependent and so 
it follows that consideration must be ·given to an elastica-viscous 
theory if the suspensions are to be characterized correctly. 
The Oldroyd Model. 
The Oldroyd (1958) model having equations of state of the form· 
(5. 35) 
"k • ;ik . ' ~ +>.. .v£._ +. tJ P " p. 1 ,t .. 0 J 
(cf. section 3.2) has been applied, with success, ~n the characterization 
of these suspensions. * The forms of n and I for this model are obtained 
by writing 
i [ -iw~ 
- w ~ 1 (q,~)(l-e )d~ = 
0 . 
and 
= 
(5.38) 
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It was noted in Chapter 3 that the various constants associated with 
equation (5.36) have to satisfy certain inequalities (e.g. equation .(3.15)) 
and that the model exhibits a variable apparent viscosity in simple 
shearing which decreases with increasing rate of shear from a limiting 
value n
0 
at low rates to a lower limiting value n1 [=· ~~:oJ at high rates. 
It follows that the Oldroyd model can only characterize shear thinning 
... ·fluids • 
. ~l and ~2 are relaxation times associated with the material and 
are consequently. a measure of the elasticity of the material. Fig. 19 
illustrates typical I v.q curves for the Oldroyd model keeping 
a1 ,w_,"~ 2 .n0 and ll 0 constant but allowing ~l to vary. These theoretical 
curves will be referred' to later when an attempt will be made to relate 
the effects obtained on increasing the concentration of a suspension to 
the effects of increasing ~l and hence elasticity. 
From equations (5.27) and (5.34) it is clear that the unperturbed 
shear stres's t and its derivatives with respect to the shear rate q 
0 
are likely to be important when a steady shear and a small amplitude 
oscillatory shear are superimposed. .In Fig. 20 typical curves of 
dT d2t 
0 
and dq 
0 
---2- v.q for the Oldroyd model are plotted, where dq. 
'[ 
0 
2 (l+llo~2q ) 
noq 2 
(l+lJ o~l q ) 
5.2 Experimental Results. 
The experimental results were obtained from an Rl8 Weissenberg 
Rheogoniometer which has the facility for combining steady and oscillatory 
shear. All the suspensions were made up according to the method described 
74 
in section 2.6 of Chapter 2 and tested on the Weissenberg Rheogoniometer 
as described in section 4.2 of Chapter 4.. For suspensions less than· 
70% w/w. concentration, the suspension was made up at·7o% w/w., diluted 
to the required concentration and mixed for a further five minutes. 
This procedure ensured that the dilution water was completely mixed in 
.and thai: consistently reproducible results. could be obtained. A number 
of combined steady and oscillatory shear experiments were performed. 
The plate was made to oscillate and/or rotate steadily, and the resulting 
motion of "the cone, which is constrained by a torsion bar, was recorded. 
dT d2T 
0 0 The importance of the T
0
, ~ and ---2- v.q curves was stressed 1n dq 
the theory developed in section (5.1). It was therefore a logical step 
~o consider first the rheological shear histories of a number of clay 
slurries. Although experiments were performed on a large number of 
slurries of different concentrations, only five of these concentrations 
will be discussed in detail, namely 59.6%, 64.6%, 67.0%, 70.4% and 
71.8% w/w. These were chosen because they typify the observed behaviour 
as the concentration is increased. The steady shear histories of these 
suspensions are illustrated in Figures 17 and 21 to 24 respectively. 
Fig. 17 indicates that the 59.6% w/w. suspension is shear thinning 
to shear rates of at least 260 s.-1. The same is true for the 64.6% w/w. 
suspension (Fig. 21) although higher shear stresses are observed in 
the latter at corresponding shear rates. It can be observed that the 
theoretical curves for the O.ldroyd model (see Fig. 20) show the same 
essential features as the experimental curves. As the concentration 1s 
increased shear thickening mechanisms become apparent. At 67.0% w/w. 
shear thickening can just be detected about shear rates of 240 s. -l 
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(see Fig. 22) but when a suspension of concentration 70.4% w/w. is 
considered, two distinct regions of flow can be distinguished (Fig. -23), 
with the shear thickening mechanisms predominating from shear rates 
. -1 
of approximately 160 s. This behaviour is even more pronounced 
in the case of the 71.8% w/w. suspension with there being only a 
-1 
relati v'ely small range of shear rates .(approx. < 50 s. ) where shear 
thinning behaviour can be observed (see Fig. 24). 
The Oldroyd model can only characterize shear thinning behaviour 
and so will be a suitable model to try for the 59.6% and 64.6% w/w. 
suspensions and for most of the shear rate range of the 67.0% w/w. 
suspension. A general characterization of the 70.4% and 71.8% w/w. 
suspensions, however, will be more difficult since they.exhibit.both 
I 
shear thinning and shear thickening behaviour. Fur'ther detailed 
discussions of these suspensions will therefore be deferred until 
Chapter 6. 
All the. results shown so .far are consistent with the ones obtained 
by Beazley (see Fig. 16) and with the work discussed in section (2.5) 
of Chapter 2. Since the. initial shear thinning mechanism is caused 
by the stripping off of the water hulls surrounding the particles, thus 
increasing the·'free' water and decreasing the suspension viscosity, 
and the first shear thickening mechanism is caused by mechanical 
interference between the particles it follows that, as one would 
reasonably expect, shear thickening predominates at lower shear rates 
as the clay concentration is increased. This aspect of the macroscopic 
behaviour of the suspensions has therefore been successfully explained 
by considering the microscopic nature of the suspensions. 
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Also in section (2.5) it was noted that it is possible to detec.t 
four regions of flow for a concentrated deflocculated china clay 
suspension (see Fig. 10). However, the range of testing available 
with the instrument used, for the particular clays chosen, was 
restricted to the consideration of the first two regions at most. 
This is not a serious restriction since it is felt that the theoretical 
problem of characterizing three regions would be a formidable one. 
However it· is hoped that this initial rheological study will encourage 
future work to be carried out in this area. 
In their work on the characterization of starch suspensions, 
Barnes and Eastwood (1973) made the assumption that FF " 1/e 2 for 
0 
frequencies well away from the natural frequency of the top member. 
It will be shown in Chapter 6 that this assumption cannot be made in 
this work. Also in Chapter 6, some curves will be presented, based 
on the consideration of· FF, that are such as to suggest that the 
highly concentrated clays tested are elastic. 
To confirm the apparent elastic behaviour of the suspensions, the 
crucial experiment. to perform was the measurement of G', dynamic rigidity, 
against percentage concentration by weight of deflocculated china clay 
suspension, since G', in some sense, may be said to be a measure of 
the elasticity of a fluid. The G' curves obtained are illustrated in 
Fig. 25, and not only confirm that at the high concentrations considered 
the clay tested is elastic but that elasticity can be detected at 60% 
concentration by weight. From the form of the curves, one would naturally 
expect the elasticity effects to be more pronounced at the higher 
concentrations. 
An investigation of the percentage change in the mean couple due 
) 
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to the superimposition of an oscillatory shear is particularly simple 
to carry out on a Weissenb~rg Rheogoniometer. The main limitation 
is ·caused by the relatively low value of the maximum amplitude of the 
oscillatory shear. This was 0.03 radians for the instrument used and 
[ 
a 1 w) · 
so the work was limited to very low values of £ = -q- in cases of 
low frequencies or high shear rates. 
In practice the experiments must be conducted keeping a 1 constant. 
Figures 26 and 27 respectively contain the curves for the 59.6% w/w. 
suspension of the percentage increase in couple, I, against shear rate, 
q, for various values of w and I against frequency, w, for various 
values of q. Both these .figures are for the case where a 1 ~s fixed. 
Figures 28 and 29 show the corr.esponding curves for the 64.6% w/w. 
suspension and figures 30 and 31 for the 67.0% w/w. suspension. It 
can be observed that.in figures 27, 29 and 31 that I+ 0 as w + 0 in 
agreement with the theoretical prediction in section (5.1). 
Figures 32 and 33 are included to illustrate, for w = 49.9 ahd 
-1 ' 78.9 s. respectively, the behaviour of I with q, keeping a 1 fixed 
but allowing the concentration to vary. Concentrations in the range 
59.6% to 71.5% w/w. are shown. If the curves in these figures are 
compared with those in Fig. 19, where typical (I,q) curves for the 
Oldroyd model are shown (a1,w,A 2,n0 . and ~0 are kept constant and Al 
allowed to vary), certain conclusions can be drawn •. Examination· of 
the curves in Fig. 19 shows that at lower shear rates the percentage 
increase in couple, I, decreases as Al increases but at still higher 
values of Al' I starts to increase. As the concentration of the 
suspensions is increased the (I,q) curves, shown in Figs. 32 and 33 
) 
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demonstrate a similar behaviour at these shear rates •. In the highest 
shear rate regions shown in the figures, I increases as >. 1 increases 
(for all >.1) and likewise I increases with suspension concentration. 
From these observations it would not seem unreasonable, therefore, to 
conclude that an increase in suspension concentration and. an increase 
in >. 1 (and hence elasticity) are somehow related. This statement would 
also confirm the results obtained previously from the behaviour of G' 
with different suspension concentrations, namely that elasticity effects 
are more pronounced at higher concentrations. 
The experimental results given in Figs. 26 to 33 cannot be related 
to any of the theories proposed in section (5.1) since the theories 
were developed for the case of fixed E. However the experimental results 
are included to show. the effect of perturbations superimposed on a 
steady flow situation even if the perturbations are not in_themselves 
small. The question arises whether it is possible to relate the results 
obtained in the figures to any other perturbed steady flow situation. 
Jones and Walters (private communication) have shown that a 30% decrease 
in couple measured on a Weissenberg Rheogoniometer can be equivalent 
to a large percentage increase in flow rate resulting from a perturbation 
of a steady flow in a pipe. Obviously percentage increases in flow 
rate can only occur in regions 1n which the shear stress is decreased 
due to a perturbation of a steady flow, i.e. a decrease in·I. It can 
' be predicted therefore that at low flow rates the effect of perturbing 
the steady flow in a pipe of a concentrated deflocculated china clay 
suspension would be to increase the flow rate. Figures 26, 28 and 30 
indicate that at very low shear rates there 1s the possibility 1n 
certain circumstances of 80% to very nearly 100% decrease in shear stress. 
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It seems therefore that, in certain circumstances, it may be desirab~e 
to induce a perturbation of a steady pipe flow situation so·as to 
obtain a greatly increased rate of flow. This may be important in 
the transport of clays where the perturbations can be induced by means 
of bends or irregularities in the pipe. The perturbation can be induced 
mechanically, but obviously it depends on whether the energy used ·to 
produce the perturbation is greater than ·the advantage gained by an 
increased rate of flow. 
The dependence of I on E is illustrated 1n Fig, 34 for various 
values of w and fixed .q. It is clear that there is a substantial range 
of E for which I is proportional to £ 2 , in accordance with the theoretical 
result (5.26). ·Only at the·higher values of E and w can the curves of 
2 I against E be seeTh to depart from a straight line and here terms of 
4 E can no longer be ignored. All the experiments were performed within 
the region where I is proportional to £ 2 , thus enabling a check to be 
made between theory and experiment. 
Figure 18 illustrated, for the 59.6% w/w. deflocculated china 
clay suspension, how I varies with q for various values of w. The· 
* results were obtained subject to a fixed value of E = 0.009 • It 
was deduced earlier from the form of the T v.q curves for the 59.6%, 
0 
64.6% and 67.0% w/w. suspensions that the Oldroyd (1958) model would 
be a reasonable choice of equation of state to try in the characterization 
I 
of these suspensions. However the work of Booij (1966 a,b) on the 
. * 1nfluence of q on n , should deter one from seeking a quantitative 
* All similar results for other concentrations considered in this chapter 
were subject to this same value of £, 
( 
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comparison between theory and experiment for such a simple fluid model. 
In fact very good qualitative agreement was obtained betwe~n theory and 
experiment for this suspension characterization as seen by comparing the 
curves in Fig. 35 with those in Fig. 18. Figure 35 contains theoretical 
(I,q) curves for various values of w,·where I is obtained from equations 
(5.26) and (5.38) with realistic values of n , Al' A2 and ~ . . 0 . 0 
The viscous-inelastic curve (broken .curve) is included in Fig. 18 
and it can be seen that the experiments provide adequate confirmation 
of t~e theoretical prediction (5.27), with the elastico-viscous liquid 
(i.e. clay suspension) behaving as a non-Newtonian inelastic liquid in 
the limit of zero frequency. Figure 36, showing how I varies with w 
for various values of q, subject to fixed E, is added to strengthen the 
previous remarks. U.nfortunately work was not carried out at low enough· 
frequencies to conclude solely from these results that I tends to 
non-zero values as w ~ 0 but for the frequencies considered there ~s 
sufficient agreement between these results and so~e on similar work 
with polymers (see Jones and Walters, 1971) to justify the claim. The 
contrast between the experimental results obtained by keeping a 1 and E 
fixed respectively for the 59.6% w/w. suspension can therefore be.seen 
by comparing Fig. 26 to Fig. 18 and Fig. 27 to Fig. 36. 
The (I,q) curves for various w, subject to fixed E, for the 64.6% w/w. 
suspension are shown in Fig. 37. The curves are derived from the 
corresponding experimental curves, based on fixed a1 , illustrated in 
Fig. 28. A comparison between the curves in Fig. 37 with those in Fig. 18, 
which are the equivalent ones for the 59.6% w/w. suspension, shows a 
noticeable concentration effect. With the increase in concentration the 
curves have reached a minimum decrease.in ~ouple and are returning to 
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the shear rate axis, the effect being more pronounced at lower 
frequencies. Based .on discussions given earlier, the Oldroyd model 
was used to characterize this suspension. The resulting characterization 
is given in Fig. 38. 
A comparison between theoretical and experimental results shows 
that the Oldroyd (1958) model, for chosen values of n , ~ , Al and A2 , 0 0. 
demonstrates the same essential features as the experimental results, 
although the theoretical curves do show a marked tendency to return 
to the shear rate axis in a more abrupt manner than the experimental 
results. There are two notable differences between theory and experiment; 
these being apparent for the case when w (i.e. frequency of oscillation 
-1 
of the plate) is equal to 99.4 s. and also the case of pure steady 
\ 
shear. The former can most probably be attributed to natural frequency 
effects associated with the torsion bar. In the case of the latter it 
is not possible to check adequately the inelastic prediction (5.27) 
because of the experimental limitation on the amplitude of the oscillatory 
motion and the fact that this suspension exhibits more elasticity than 
the 59.6% w/w. suspension as can be seen from Fig. 25. However taking 
the characterization of this suspension as a whole, it is not unreasonable 
to claim good qualitative agreement between theory and experiment for 
the shear rate range considered. 
From Fig: 22 it can be seen that at 67.0% w/w., the clay suspension 
\ 
exhibits shear thickening behaviour in the shear·rate range considered. 
d2-r . 
It follows that ---./-becomes positive in this shear rate region with 
dq 
the cross over point on the q axis indicating where the shear thickening 
mechanisms have started to predominate over the shear .thinning ones. 
The (I,q) behaviour for various w, subject. to fixed E, is shown in 
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Fig. 39; the viscous-inelastic curve is also included (broken curve). 
,-
Figure 39 also indicates the importance of the second derivative of 
the shear stress/shear rate curve (as predicted by the viscous-inelastic 
theory for fixed e:) as a controlling factor for this particular .clay 
system. This will be seen to be even more in evidence 1n Chapter 6, 
where the more concentrated clays will be considered. 
The curves in Fig. 39 show that for frequencies between 39.7 and 
-1 78.9 s. an increase in couple is obtained for shear rates corresponding· 
to the first shear thickening region of flow. This increase in couple 
decreases as the frequency of oscillation increases until at frequencies 
-1 
. of 99.4 s. and above, a decrease in couple is obtained. Although a 
decrease in couple is obtained, the results are following the general 
trend of the lower frequency curves for this suspension and are 
consistent with the behaviour observed at these frequencies for the 
lower concentration suspensions discussed previously in this chapter. 
The frequency which does not appear to give results which can be easily 
explained~ the 25.0 s.-1 one. The results are so different from 
the trend of the others and it has to be admitted that the exact source 
of this effect is undetermined. 
As in the cases of the 59.6% and 64.6% w/w. suspensions, the 
shear thinning region of the 67.0% w/w. suspension can be characterized 
us1ng the Oldroyd model. Figure 40 contains theoretical (I,q) curves 
for various values of w. I is again given by equations (5.26) and (5.38) 
with rea lis tic values of n
0 
'· ;\l'· ;\2 and JJ 0 • The theoretical model wiZZ 
predict a percentage increase in couple (as shown) but the characterization 
is not valid there for the reason noted earlier, namely that. the model 
is only.valid for shear thinning characterizations. Another rheological 
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model could possibly be used to characterize the shear thickening 
region only._ There is little to be gained however in illustrating 
the potential use of a model over· such a restricted shear rate range 
when it is possible to show, more effectively, a combination of models 
being used to characterize a more concentrated· suspension. This has 
been carried out and will be discussed in detail in Chapter 6. 
5.3 ·conclusions. 
The principal points which result from the work considered in 
this chapter, most of which will be directly relevant to the subsequent 
work, can be summarised as follows: 
* (1) At the lowest concentrations considered examination of the 
shear history and the (I,q), i.e. percentage increase in steady couple 
against shear-rate, behaviour of the suspensions demonstrates that the 
suspensions are shear thinning up to high shear rates. 
(2). A similar examination of higher concentration suspens1ons shows 
that as the concentration is increased two regions of flow can be 
observed, the first is a region in which shear thinning mechanisms 
predominate ·and this gives way at higher shear rates to a shear 
thickening region. With increasing concentration the shear rate at 
which the shear thickening begins to predominate is seen to decrease. 
Conclusions (1) and (2) confirm the previous work by Beazley (1966) 
' 
in this area. 
* Details of suspensions having concentrations less than 59.6% w/w •. have 
not been presented since their behaviour is similar to the 59.6% w/w. 
suspension, i.e. shear thinning up to very high shear rates. 
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(3) At high concentrations china clays exhibit elastic properties. 
Low concentration clays are also elastic at high frequencies. 
(4) The Oldroyd (1958) model has been shown to qualitatively characterize 
the paper coating clay suspensions up to 67.0% w/w. concentration in 
their first shear thinning regions. In the.case of the 59.6% and 
64.6% w/w. suspensions, this constitutes the .complete characterization 
·over the shear-rate range considered. 
(5) From a consideration of the 67.0% w/w. suspension it is deduced 
that the controlling factor for ·the I curves appears to be the second 
derivative of the shear stress/shear rate curve as predict~d ~y the 
viscous-inelastic theory. (This deduction will be substantiated 1.n 
Chapter 6). 
(6) One practical application of the work is that it seems, in most 
circumstances for low concentrations, it may be desirable to induce a 
perturbation of a steady flow in a pipe so as to obtain an increased 
rate of flow. 
,_. 
•' 
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CHAPTER -6 
. . . . . ' . - - . . . 
THE RHEOLOGICAL BEHAVIOUR OF HIGHLY CoNCENTRATED 
. . . . -.. . . . . . ' 
DEFLOCCULATED CHINA CLAY SUSPENSIONS 
Introduction 
Chapter 5 was primarily concerned with suspensions which demonstrated 
shear thinning behaviour over the whole of the· shear rate range considered. 
It was noted however that the deflocculated china clay suspensions which 
_ were very highly concentrated exhibited both shear thinning and shear 
thickening behaviour when subjected to increasing shear. This behaviour 
was just detectable at the 67.0% w/w. concentration level and a description 
of the experimental results obtained f~r this suspension was presented 
in section (5.2) of Chapter 5. 
Consideration will be given, ~n this chapter, to the rheological 
characterization of two 'Dinkie Special' china clay suspensions (namely 
a 70.4% w/w. and a 71.8% w/w.).which are representative of suspensions 
in the highly concentrated range. It has been shown in Chapter 5 that 
these highly concentrated suspensions are elastic and therefore, not 
only is it necessary to consider a theory which will predict shear thinning 
and shear thickening behaviour but which will also describe the elastic 
effects associated with the suspensions. The theoretical approach 
adopted is basically the same as that developed in Chapter 5 with 
consideration being given here to an equation of state which, unlike the 
Oldroyd (1958) model, can predict shear thinning and shear thickening 
behaviour. This model is the Pipkin (1966) model in which suitable 
values of the kernel functions cp 1 and cp 2 have been used in order to 
' 
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obtain expressions for the mean shear stress and percentage increase 
in mean couple, I. 
The experimental results were obtained using a Weissenberg 
Rheogoniometer and it is shown that both the Pipkin (1966) model and 
the Oldroyd (1958) model can be utilized in the characterization of 
these highly concentrated suspensions; different techniques being 
required as the concentration is increased. 
6.1 Theory. 
All the suspensions were tested in the .same way as the suspensions 
described in Chapter 5 and consequently the theoretical formulation of 
the problem is in essence the same as that presented in section (5.1). 
It was illustrated there, that the viscous-inelastic model was frequency 
independent and consequently could not c·haracterize even the 59.6% w/w. 
suspension, which was shown in.Fig. 18 to be frequency dependent. 
The curves for the 71.8% and 70.4% w/w. suspensions corresponding to 
the ones shown in Fig. 18 are given ii1 Figs •. 41 and 42 respectively 
and again indicate frequency dependence. This was, of course, to be 
expected since consideration of the G' v. w curve alone (Fig. 25) had 
previously shown elasticity to be increasing with increasing concentration. 
Consideration must again therefore be given to an elastico- viscous 
theory. 
One of the conclusions reached in Chapter 5 was that the controlling 
factor for the·I curves 
stress/shear rate curve 
ap~ears to be the second derivative of the shear 
(d :
0 
v.q ) as predicted by the viscous-
dq. 
inelastic theory. This statement is substantiated by comparing 
Figs .. 41 and 42 with.Figs. 24 and 23 respectively. An elastica-viscous 
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model was therefore required which satisfied the criterion that it 
could predict shear thinning and shear thickening behaviour or 
equivalently, in this context, the change from a percentage decrease 
to·a percentage increase in couple. It was thought that a sensible 
choice would be one which incorporated the differentials of the shear 
stress with respect to the shear rate because of the importance of the 
d2T 
0 
---2- v.q curve. The one chosen was the Pipkin (1966) model with values idq 
-of ~P 1 and ~P 2 used previously by Barnes et al. (1971) in the study of 
pulsatile flow down a pipe. 
The theoretical approach required here is similar to that presented 
in section (5.1). A brief resume of the more salient features of that 
theory will-be included as an introduction fo the new theory developed 
for the different elastica-viscous model, namely the Pipkin model. 
The theory presented is for the cone and plate geometry where 
the gap angle between the cone and plate is small. The relevant form 
for the shear rate, y, ~n the liquid when it is subjected to a combined 
steady and oscillatory shear motion is 
{ 
iwt 2 2iwt} y =Re_ q + qEF(S)e ~ qE G(S)e , (6.1) 
where F and G are non-dimensional complex functions of e and F is 
given by 
. ( ic J) 
F = '-'~_,_e~::---~ 
e 
0 
. ( 6. 2) 
In this expression c is the phase lag of the cone behind the plate 
and Ja1 ·is the angular amplitude of the motion of. the cone (a1 is 
the angular amplitude of the plate). 
Since the work is only concerned with the shear stress T, it is 
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shown in Chapter 5 that conditions prevail which allow the work of 
Pipkin (1966) to be used. This enables T to be expressed as follows: 
T = TO + J
t 
~l(q, t-t')fiD(t-t')dt' 
-oo 
.+ It Jt. ~ 2 (q, t-t' ,t-t' 1 )6D(t-t')6D(t-t'')dt'dt'' , (6. 3) 
-eo -eo 
where 
(6.4) 
3 
and terms of order g have been ignored. It should be recalled at 
this point that T is the unperturbed shear stress given by T = qn(q), 
' 0 0 
with ~l and ~ 2 satisfying the consistency relations 
(6.5) 
and 
(6.6) 
Equations (6.3) and (6.4) in conjunction with result (5.15) yield the 
following form for the shear stress: 
2iwt 
e 
-iwf; 
- e 2)df;ldf;2J• 
(6. 7) 
r 
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where FF ~s given.by equation (5.17). 
The work is basically concerned with·the effect of an oscillation 
on the mean shear stress and in this context it can be seen from 
2 
equation (6.7) that to order£ , the mean shear stress ~s given by 
2 2 
1 = 1 + £ q FF 
o 2w2 rr 0 0 
3 
where terms of order E have been ignored. From equation (6.8), it 
can be deduced that the percentage increase in the mean couple, I, on 
one of the instrument members is given by 
I = 
As.w 
2 2 
so £..9_ 
2 
T W 
0 
-+ 0 with £ fixed 
2 2 
I I = 25 £...S..:_ 
w-+0 T 
0 
it follows that: 
d21 
FF 0 
dl 
(6.10) 
It .is from this stage in the presentation of the theory in Chapter 5 
(6. 8) 
(6.9) 
that the new aspects of the theory, as required for the characterization 
of highly concentrated deflocculated suspensions, will now be developed. 
For general values of w it is not possible to make qualitative 
predictions for the percentage increase in couple, I, given by equation 
(6.9), since it is not possible to specify the functions $1 and $2 • 
However, qualitative predictions may be made by assuming the following 
forms for $1 and $2 based on the arguments given previously: 
(6.11) 
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and 
' ' 
(6.12) 
where_ >. 3 and >. 4_ are material constants with the dimensions ·of time. 
Equations (6.11) and (6.12) may be regarded as being analogous to 
the Maxwell approxfmation in linear viscoelasticity .. It is easily 
shown that these equations satisfy equations (6.5) and (6.6). 
From equations (5.22) and (6.11) it follows that 
and hence 
and 
* n = 
n' = 
G'. = 
(1-
(1 + 
1 dT 0 
dq 
dT 
0 
dq 
(6. 13) 
(6. 14) 
(6.15) 
Similarly on substituting for .p 2 from equation (6.12) into equation 
(6.9), the percentage increase ~n couple is given by 
(6.16) 
where 
FF = (6.17) 
with T being defined as in equation (5.18). This simplified form 
for ~F was obtained by substituting the expressions for n' and G', 
given by equations (6.14) and (6.15) respectively, into the general 
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expression for FF given by equation (5.17). 
Figure 43 contains theoretical (I,q) curves, where I is given 
by equation (6.16), for different values of frequency wand realistic 
values of the material constants A3 and A4• The value of E useq in 
the computation is 0.007 (to 3 d.p.) •. The viscous-inelastic 
curve is also included and it can again be observed that in· 
the limit of zero frequency all elastico~viscous liquids behave as 
non-Newtonian inelastic liquids. It can clearly be seen that the 
theoretical model illustrated in Fig. 43, with A3 = .004 and A4 = .016, 
shows the same essential features as·the experimental results for the 
71.8% w/w. suspension illustrated ~n Fig. 41 and provides a good 
qualitative characterization of this suspension. Based on a comparison 
of the curves illustrated in Fig. 42 with those in Fig. 44 (this figure 
presents the same information as in 
·shear-rate range i.e. approximately 
Fig. 42 but 
-1 0-300s. ), 
over a restricted 
it would seem that 
.the Pipkin model alone would not be a suitable model to choose for a 
characterization of the 70.4% w/w. suspension even up to shear rates 
-1 
of 300s. approximately. However, it should be noted that the form 
of the experimental curves observed (see Fig. 44) when percentage increases 
in couple are obtained (i.e. when shear thickening mechanisms are 
predominating) is the same as for the curves'obtained for the corresponding 
shear thickening region of the 71.8% w/w. suspension (see Fig. 41) us~ng 
the Pipkin model. (~ 
At this point it ~s useful to recall the results obtained for the 
67.0% w/w. suspension discussed ~n Chapter 5. A shear thickening 
-1 
mechanism was just detectable at shear rates up to 300s. approx. (see 
Fig. 39). The results for the 70.4% w/w. suspension illustrated in 
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Figs. 42 and 44 are therefore totally consistent with what one 
would have expected and -form a logical progression from the lower 
concentration ef_fects, where shear thinning predomin~ted over a 
relatively large shear-rate range, to the high concentration effects 
manifested by the 71.8% w/w.suspension. In Chapter 5 it was suggested 
that a combination of elastico-viscous models could be used to 
characterize the 67;0% w/w .. suspension with the Oldroyd·model being 
used as a suitable model for·the shear thinning region and another 
model being required to characterize the shear thickening region. 
This approach will be applied in ·the characterization of the 70.4% w/w. 
suspension and based on previous observations, the Pipkin model will 
be considered for the characterization of the shear thickening region. 
The 70.4% w/w. suspension is p~rticula~ly interesting in this work 
since it·is the example, from amongst the suspensions considered, 
which provides a link between the behaviour observed at high and low 
solids concentration. Closer consideration will now he given to the 
·experimental results obtained at these higher concentrati"ons. 
6~2 Experimental Results. 
The experimental procedure as regards the 'make up' of the 
suspensions and the method of testing on the Weissenberg Rheogoniometer 
was the same as that described in Chapter 5 (with-the corresponding 
references to Chapters 2 and 4) and therefore, for brevity's sake the 
details will not be repeated here. 
Although the results in this thesis are presented ~n the order 
of increasing concentration, the experimental programme of this research 
investigation began with a study of the highly concentrated suspensions. 
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This approach was adopted primarily for ·two reasons, these being as 
follows: 
(i) The work of Beazley (1966) on the shear stress/shear rate behaviour 
of clay suspensions of the type used had showed more interesting effects 
·.to manifest themselves at higher concentrations. In particular, increased 
shear thickening effects were noticed as the concentration. was increased 
(see Fig; 16) and it was believed that this mechanism could be linked, 
in this system, to elasticity. 
(ii) It was found necessary to have to justify the purchase of the 
Weissenberg Rheogoniometer after the project had commenced. Limited 
use of a Weissenberg Rheogoniometer, having combined steady and. oscillatory 
shear facilities, was arranged at another research institute and it was 
·therefore decided (based on {i)) that the work at higher concentrations 
should take priority. 
Amongst the first work considered was a study of the change in 
behaviour of FF with w for various values of q. The experimental 
( FF, w) curves were obtained for a 71.8% w/w. deflocculated 'Dinkie 
Special' suspension and are illustrated in Fig. 45. This work was briefly 
mentioned previously in Chapter 5 as was the work of Barnes and Eastwood 
(1973). From Fig. 45 it is clear that the assumption made by Barnes 
- 2 
and Eastwood in their work, namely that FF ~ 1/6 for frequencies well 0 . 
away from the natural frequency of the top member, cannot be made in 
this work. However the important conclusion to be read from Fig. 45 is 
that, by a comparison with the work presented on polymers by Jones (1970), 
the form of the curves are such as to suggest that the highly concentrated 
·clays used are elastic. Confirmation of this result was obtained by 
considering the behaviour of G' with percentage concentration by weight 
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of deflocculated china clay suspe~sion. · This work 1s discussed in 
Chapter 5 and illustrated in Fig. 25. It is clear that not only 
does the elasticity of the clay suspen.sion increase with increasing 
concentration but the effect becomes more apparent with increasing 
frequency of the imposed oscillation. 
Since the clay suspensions at high concentrations have thus been 
shown to be elastic, quantitative agreement between experimental (I,q) 
curves for the 71.8% w/w. suspension, illustrated in Fig. 41, and the 
theoretical viscous-inelastic curve (also. included in the figure) 
could not have been expected but "it is important that the general 
shape of the curves is similar. Attention has already been drawn to 
the fact that Fig. 41 indicates that the controlling factor for this 
particular clay system is the second derivative of the shear stress/ 
shear rate curve as predicted by the viscous-inelastic theory for 
fixed £. It is therefore relevant to note at this point that Barnes 
and Eastwood's theory is developed for a fixed a 1 and consequently is 
not able to make this prediction. 
The experimental results obtained for the 70.4% w/w. suspens1on 
subject to fixed a 1 are presented in Figs. 46 and 47. The first shows 
the percentage increase in couple, I, against shear rate q for various 
values of frequency of the superimposed os.cillation, w, and the second 
I v.w for various values of q. Figure 46 clearly shows that in the 
shear thickening region (see.Fig. 23 for the shear history of this 
suspension) a positive percentage increase in couple is obtained for 
all the frequencies considered. It should be rec.ollected that for the 
67.0% w/w. suspension this was not the ·case and the curves associated 
with the highest frequencies remained in the negative percentage increase 
region (see.Fig. 30). 
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The equivalent investigation of the 71.8%. w/w. suspension showed 
that the behaviour of this st!spension under combined steady and 
oscillatory motion was similar to the 70.4% w/w. suspension for 
-1 
superimposed frequencies up to about 70 rad. s. • Experiments 
conducted at higher frequencies however did not follow the negative-
positive pattern corresponding to the shear thinning-shear thickening 
regions but demonstrated some interesting aspects as shown in Fig. 48. 
The previous negative shear thinning region has been pulled into the 
positive region and very large percentage increases in couple occur 
in the shear thickening region. If the high frequency curves in 
Fig. 46, for the 70.4% w/w. suspension, are re-examined more closely, 
it can be seen that an indication of the behaviour just described for 
the 71.8% w/w. suspension can be detected at low shear rates. More 
specifically, there is a tendency for the curves to return to the 
shear rate axis as q + 0. For certain frequencies though a decrease 
in stress of nearly 100% is still obtained, at low shear rates, for 
the 70.4% and 71.8% w/w •. suspens1on. The remarks made, in section (5. 2) 
of Chapter 5, with regard to pipe flow and in:ducing a perturbation still 
apply therefore in restricted circumstances. An additional factor, 
pertinent to this aspect and higher concentration suspensions is that 
there is a poss'ibility of detecting a second permissible region of 
increase 1n flow since the first shear thickening region is followed 
by a second shear thinning region at much higher shear rates (see Fig •. 10). 
The decrease in I as q increases, as illustrated by the higher frequency 
curves in Fig. 48, therefore indi.cates consistency with the previous 
. remarks. 
Figure 49 contains the (I,w) curves for different values of q 
. with a 1 = 0.03 rad. for the. 71.8% w/w. suspension. The conclusion 
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which can be reached from these curves is that up to certain frequencies 
clays are fairly well behaved, compared with other fluid systems (see 
Jones, 1970); but above these frequencies the structure of the system 
becomes very rigid, resulting in very unfavourable conditions for 
flow. This behaviour was not observed in any of the other equivalent 
graphs for the less concentrated suspensions at any frequency considered 
(see Figs. 27, 29, 31, 47). 
In order to compare theory with experiment, the relevant experimental 
curves to consider are those derived for fixed £. Figure 50 illustrates, 
for the 71.8% w/w. concentration of the deflocculated china clay 
suspension, how I varies with q for various values of w subject to a 
fixed value of £ = .007. This figure contains the same information 
.as that in Fig. 41 but is extended to include more frequency curves. 
It is clear that all these curves have the same general shape as the 
theoretical curves based on the Pipkin model illustrated in Fig. 43. 
As mentioned earlier the experimental results based on fixed a 1 do 
not show the negative-positive pattern behaviour for superimposed 
-1 frequencies above 70 rad. s. It follows that the corresponding 
fixed £ results do riot behave 1n a similar manner to the lower frequency 
curves illustrated in Fig. 50 and hence cannot be characterized by the 
Pipkin model. It may be possible to characterize this high frequency 
behaviour but this work was not considered here. 
It remains to discuss the characterization of the 70.4% w/w. 
suspension. Based on a comparison between theoretical and experimental. 
results (cf. Figs. 43 and 44) it was concluded earlier in this Chapter 
·that the Pipkin model did not appeal' to be a suitable model for 
characterizing this suspension over the whole of the shear-rate range 
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considered. It was suggested however that a combination of models 
·should be employed using the knowledge gained from characterizing 
both higher and lower concentration suspensions. The Oldroyd model 
' 
was therefore proposed for the shear thinning region and the Pipkin 
model for the shear thickening region. This proposition will now be 
discussed in more detail. 
Examination of Figs. 42 and 44 shows that at shear rates in the 
neighbourhood of 250 s.-1 , the viscous-inelastic curve is crossed 
(with one exception) by the other constant frequency curves and above 
this shear rate they lie above the viscous-inelastic curve. The 
exception to this trend is the curve for the lowest frequency considered, 
. -1 
namely w = 25.0 rad. s. Inconsistent results at this frequency 
were also obtained for the 67.0% w/w. suspension as stated in Chapter 5. 
Apart from this lowest frequency curve, it is possible to 
characterize the shear thickening region of the 70.4% w/w. suspension 
using the Pipkin model, given by equation (6.16}, whilst the viscous-
inelastic curve acts as the 'upper bound' to the other curves, i.e. 
. -1 
to shear rates of approximately 250 s. This restriction is purely 
a theoretical one since the viscous-inelastic curve always lies above 
the other constant frequency curves in the positive I region for this 
particular model as can be verified from Fig. 43. To characterize 
the fluid at higher shear rates would require consideration to be 
given to another model. This would not be an easy task.but again this 
could form the basis for future work. 
A theoretical characterization of the shear thinning region, by 
·the Oldroyd (1958) model is shown in Fig. 51. The theoretical (I,q) 
curves are illustrated for various values of w, and I has been obtained 
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from equations (5.26) and (5.38) with re.alisticvalues of n
0
,_ >.. 1 , )..2 
and ~ being chosen. It can be seen, by comparing Fig. 51 with 
0 
_Fig. 44, that the theoretical curves demonstrate the same general 
trends, in the shear thinning region, as the experimental curves. 
The theoretical curves are however returning to the shear rate ax.is 
more sharply than the corresponding experimental curves and hence 
crossing each oth~r at lower shear rates. This behaviour was also 
noted in the characterization of the 67.0%.w/w. suspension. The 
primary difference however between the curves in Fig. 51 and those 
in Fig. 44 is the range of shear rates in which the curves cross the 
shear rate axis. The theoretical curves show too wide a spread as 
compared with the experimental curves and in this respect the Oldroyd 
(1958) model is not satisfactory. 
The method of choosing the material" constants n
0
, >..1,X2 and ~0 
·for the theoretical characterization using the Oldroyd (1958) model 
was basically conducted in a trial and error manner, although logical 
steps were taken based on constraints that the model had to satisfy. 
It is felt however that optimisation techniques could possibly be 
applied to this and similar types of characterization problems which 
frequently·occur ~n rheology. The work would constitute a mini-project· 
in its own right and would require a function, say, to be constructed 
to measure the difference between ·the experimental results and the 
theoretical characterization. Constrained optimisation methods could 
then be used.to find a set of material constants which minimize this 
function. 
The characterization of the first shear thickening region of 
the 70.4% w/w. suspension by means of the Pipkin model. is .illustrated 
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in Fig. 52, where the values of A3 and x4 used for this characterization 
are 0.003 and 0.022 respectively. Good qualitative agreement between 
theory and experiment is observed. It should also be noted that 
the behaviour of the (I,q) curves in the shear thinning region as 
predicted by the Pipkin model is not too dissimilar to the behaviour 
of the experimental curves.in the corresponding shear thinning region 
(see Fig. 44). Changing the values of A3 and A4 can, therefore, have 
a noticeable effect on the (I,q) curves (cf. Figs. 43 and 52) and the· 
question then arises, whether it is necessary to use a combination of 
models to characterize this suspension, i.e. can the Pipkin model be 
used to characterize.the first shear thinning region instead of using 
the Oldroyd model? 
The justification for the use of the two models comes largely 
from observation. Examination of the experimental (I,q) curves, 
subject to fixed£, for the 70.4% w/w. suspension shows.that in the 
shear thinning region, the constant frequency curves cross each·other 
on their way back to the zero increase in couple (i.e. I = 0) axis. 
This behaviour was not observed for any of the theoretical curves 
obtained based on the Pipkin model, with different sets of values of 
A3 and A4 being considered. It is significant to note from this 
discussion however, that as the concentration of the suspension is 
increased, the Pipkin model becomes more able to characterize the 
behaviour of the suspensions over the first shear thickening and 
shear thinning regions. 
lOO 
6.3 Conclusions 
This chapter completes a study of the rheological characterization 
of a deflocculated.paper coating clay, which was developed in Chapter 5. 
Here, consideration has been confined to the very highly concentrated 
suspensions with two concentrations in particular, namely a 70.4% w/w. 
·and a 71.8% w/w., being used to illustrate the salient features as· 
the concentration is increased. Shear thinning and shear thickening 
behaviour are observed in both of these suspensions when they are 
subjected to increasing shear while further evidence shows that at the 
highest concentrations the clay sus pens ions exhibit elastic properties. 
The dependence of the percentage increase in couple curves on the second 
derivative of the shear stress/shear rate curve has also been substantiated 
in this chapter. The effect being more noticeable at the higher 
concentrations. 
For the case of the 71.8% w/w.· suspension it has been shown that 
for certairt ranges of frequencies it is possible to include qualitatively 
the experimental observation of the shear thinning and shear thickening 
behaviour of a deflocculated china clay suspension in one elastico~iscous 
equation of state - the Pipkin model, with ~l and ~2 given by equations 
(6.11) and (6.12). The 70.4% w/w. suspension, on the other hand, requires 
a combination of elastica-viscous models to characterize the suspension; 
the Oldroyd (1958) model being used for the shear thinning region and 
the Pipkin model for the shear thickening region. Qualitative agreement 
is obtained with experimental observations for both regions. 
To summarise - Very low concentration w/w. ·suspensions were not 
·considered in detail. Figure 25 indicates that, even at SO% w/w. 
concentration, elasticity is difficult to detect unless very high 
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frequencies are considered. With incre~sing concentration elasticity 
is more easily detected although one might expect elasticity to show 
more readily in a shear thickening (more solid-like) material, shear 
thinning behaviour alone is observed in this region. In this situation, 
the Oldroyd (1958) model qualitatively characterizes the behaviour. At 
higher concentrations when shear thickening mechanisms are detectable, 
a combination of the Oldroyd and the Pipkin models can be used until 
at the highest concentrations, the. Pipkin model adequately characterizes 
both the shear thinning and shear thickening behaviour. What can virtually 
be regarded as a complete characterization of a china clay suspension 
using rheological constitutive equations has therefore been performed. 
In principle, it should now perhaps be possible to predict the behaviour 
of this clay, and others exhibiting similar behaviour, ~n other flow 
situations, pipe flow for example. However since this clay is used 
industrially in paper coating future work could possible·be directed 
towards applying the results to blade coating situations, say. 
Within the text other areas of possible research interest have been 
proposed for further study. The shear-rate range could be extended to 
include a second shear thinning region or perhaps higher frequency effects 
could be examined. However it is felt that the single most important 
aspect of this work is that a very highly concentrated suspension consisting 
of non-spherical particles has been successfully characterized rheologically. 
This has been achieved by considering the effect of an oscillatory shear 
on the mean motion - a technique which has previously been applied to 
polymers. It is therefore hoped that the work presented here will encourage 
other researchers in suspension rheology to use or develop these ideas 
and to try to apply them to the characterization and prediction of flow 
of different types of concentrat.ed suspensions. 
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NOMENCLATURE 
a 
- radius of the cone 1n the cone and plate system. 
al ,a2 - packing factors. 
A (n) 
ik' n 1,2 .... - Rivlin-Ericksen tensors. 
c 
C I 
cik 
D(t-t 1 ) 
( 1) ( n) 
eik , .•. eik 
Eik 
f 1 'f 2 
F 
F 
gik 
G 
Gl 
1 
I 
Il 
!2 
j 
k 
kl ,k2 
K 
Kl 
Ml ,H2 ,M3 ,H4 
p 
I 
pik'pik 
pl2 
phase·lag in oscillatory testing. 
- volume concentration of ~ suspension. 
- Cauchy-Green tensor. 
- deformation history. 
- rate of strain tensors. 
·- any syrrunetric covariant tensor. 
- any complex functions. 
- non-dimensional complex function of e. 
- complex conjugate of F. 
-the metric tensor of a fixed coordinate system x .. 
1 
- non-dimensional complex function of e. 
- dynamic rigidity. 
- % increase in mean couple under superposed shear rates. 
- moment of inertia of the top platen (i.e. cone). 
- second flow invariant. 
el 
-amplitude ratio, /a 1 • 
- factor indicating extent of hydrodynamic interaction between 
spheres. 
- friction factors. 
- a constant. 
- restoring constant of the torsion bar. 
- Memory (Kernel) functions. 
- an isotropic pressure. 
- stress tensors. 
-shearing stress. 
) 
' 
: ' 
. ' 
I' 
'• 
' J 
,( 
' 
' 
~', 
'IT/ 
i 
q 
r,6,1jl 
S,T 
t 
v. 
l 
w/w 
w 
x. 
l 
Greek 
a2 
a1 
y 
£ 
n 
n' 
n* 
n 
0 
n1 
n' 
0 
nr 
e 
0 
e1 
·Letters 
>.1,>.2,>.3'>.4 
~0 
V 
p 
01 
02 
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normal stresses~ 
-steady shear rate.· 
- spherical polar coordinates. 
- parameters associated with oscillatory testing. 
- current time. 
- velocity vector. 
- concentration by weight. 
- a function of e and t. 
- fixed system of coordinates. 
fundamental parameter in forced oscillation experiments. 
angular amplitude of the motion of the plate. 
- shear rate. 
- apparent viscosity. 
- dynamic viscosity. 
- complex dynamic viscosity. 
- limiting viscosity at small rates of shear. 
- viscosity of suspended liquid particles. 
- viscosity of suspending medium. 
- relative viscosity. 
- gap angle in cone and plate system. 
angular amplitude of the motion of the cone. 
- relaxation time constants. 
relaxation time constant. 
- geometry factor for an ellipsoid. 
- density of the liquid. 
- first normal stress difference. 
- second normal stress difference. 
T 
T 
0 
dT 
0 
dq 
~ 
~~'~2 
tP 
(1) 
(1) 
0 
n 
d2T 
0 
-2.-dq 
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- shear stress. 
- unperturbed shear stress. 
-first and second derivatives of T w.r.t.q. 
0 
- mean angle deflection of the cone. 
- kernel functions. 
- a relaxation function. 
- angular frequency of oscillation. 
- natural frequency of torsion head. 
- steady angular velocity of the plate. 
FIGURE 1 
The Structure of Kaolinite (after Pauling). 
Silicon-oxygen tetrahedra (la) join to form a 
tetrahedral layer (lb). Aluminium-hydroxyl 
octahedra (le), by sharing oxygens with the 
tetrahedral layer foim an octahedral layer (ld). 
These shared oxygens serve to unite the two layers, 
giving the unit layer of kaolinite (see Fig. 2). 
Figure la 
Figure lb 
Figure le 
Figure ld 
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FIGURE 2 
Unit layer of Kaolinite. 
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FIGURE 3 
Structure of Pyrophyllite (after Bragg - '~tomic 
Structure of Minerals"). 
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FIGURE 4 
Electron micrograph of Kaolinite particles. 
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FIGURE 5 
Cumulative weight particle size distribution curve 
for un-fractionated clay, determined by Andreasen 
pipette. 
lOO 
~ 
<I) 
+J 
<I) 
s (tj 
·~ 
80 
"0 
s:: 
<I) 
:> 
·~ 
b"' 
~ 60 
~ 
+J 
~ 
<I) 
s:: 
·~ 
44 
+J 40 
s:: 
<I) 
u 
~ 
<I) 
0. 
+J 
.r:: 
0"1 20 
·~ 
<I) 
~ 
20 10 1 0·5 0•1 
Equivalent spherical diameter, microns (~m) 
Charge distribution (6a) and potential distribution 
(6b) in double layer. 
. <= = = =l 
Anionic polyphosphate 
chains 
~ Sodium counterions 
+ , - Charged sites on Kaolini te crystal 
Fig. 6a 
.. 
Distance from particle edge 
Fig. 6b 
FIGURE 7 
Viscosity versus deflocculant dose curve for SPS clay 
(coating cl9y, 80% finer than 2~m), 62% by wt. solids 
(made down by hand), pH 7. 
Data obtained using a Brookfield viscometer, 
speed 10 r.p.m. 
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"FIGURE 8 
Typical flow curves for a shear thinning suspension (Sa) 
and a thixotropic suspension (Sb). 
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FIGURE 9 
Flow curve for dilatant material. 
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FIGURE 10 
Four stage flow curve for dilatant clay suspension. 
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. FIGURE 11 
High Speed Mixer used to prepare the clay suspensions 
which were subsequently tested on a Weissenberg 
Rheogoniometer •. 

FIGURE 12 
Weissenberg Rheogoniometer 1n laboratory setting. 
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FIGURE 13 
Schematic diagram of the· lveissenberg Rheogoniometer. 
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TYPICAL ARRANGEMENT OF THE WEISSENBERG RHEOGONIOMETER 
FIGURE 14 
Basic cone and plate system for a Weissenberg Rheogoniometer. 
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FIGURE 15 
Typical traces of two oscillating members and the 
measurements necessary to calculate the amplitude 
ratio and phase lag. 
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FIGURE 16 
Ferranti-Shirley shear stress - shear rate curves for 
dilatant Dinkie Special suspensions at concentrations 
shown. 
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dT 
0 Experimental curves of T
0
, dq and v. q for a 59.6% 
concentration by weight deflocculated·Dinkie Special suspension. 
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FIGURE 18 
(I, q) curves for £ = .009. - experimental data for a 59.6% 
concentration by weight deflocculated Dinkie Special suspension. 
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viscous-inelas~ic theoretical curve based on equation 
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---- values obtained from Fig. 17. 
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FIGURE 19 
Theoretical (I, q) curves for the Oldroyd model, '\ increasing, 
n = 1.5 
0 \10 = 0.0015 , 
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w = 49.9 rad. s. 
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FIGURE 20 
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Curves of 0 and 0 for the Oldroyd mo.del. T o' dq 
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FIGURE 21 
dT 
0 Experimental curves of T
0
, dq and 
iT 
0 
- 2- v. q for a 64.6% dq 
concentration by weight deflocculated Dinkie Special suspension. 
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FIGURE 22 
d:ro 
Experimental curves of T , and 
0 dq 
d2:r 
0 
- 2-. v. q for a 67.0% dq 
concentration.by weight deflocculated Dinkie Special suspension. 
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FIGURE 23 
dT 
0 Experimental curves of T
0
, dq and v. q for a 70.4% 
concentration by weight deflocculated·Dinkie Special suspension. 
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fiGURE 24 
dT 
0 Experimental curves of T
0
, dq and v. q for a 71.8% 
concentration by weight deflocculated Dinkie Special suspension. 
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FIGURE 25 
Experimental G' against % concentration by weight of deflocculated 
Dinkie Special suspensions. 
20 
10 20 30 40 50 60 70 
Concentration by wt. 
FIGURE 26 
Experimental (I, q) curves for fixed a 1 (= 0.03 rad.) for a 59.6% 
concentration by weight deflocculated Dinkie Special suspension. 
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FIGURE 27 
Experimental (I, w) curves for fixed a 1 ·(,;0.03 rad.) for a 59.6% 
concentration by weight deflocculated Dinkie Special suspension. 
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FIGURE 28 
Experimental (I, q) curves for fixed a 1 (= 0.03 rad.) for a 64.6% 
concentration by weight deflocculated Dinkie Special suspension. 
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FIGURE 29 
Experimental (I, w) curves for fixed a 1 (= 0.03 rad.) for a 64.6% 
concentration by weight deflocculated Dinkie Special suspension. 
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fiGURE 30 
Experimental (I, q) curves for fixed a1 (= 0.03 rad.) for a 67.0% 
concentration by weight deflocculated Dinkie Special suspension. 
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FIGURE 31 
Experimental (I, w) curves for fixed a 1 (= 0.03 rad.) for a 67.0% 
concentration by weight deflocculated Dinkie Special suspension. 
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fiGURE 32 
Experimental (I, q) curves, for fixed a1 .(= 0.03 rad.) and fixed 
w = 49.9 rad. -1 s. for a rarige of concentrations by weight of 
deflocculated Dinkie Special suspensions. 
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FIGURE 33 
Experimental (I, q) curves, for fixed a 1 (0.03 rad.) and fixed 
-1 
w = 78.9 rad. s. , for a range of concentrations by weight of 
deflocculated Dinkie Special suspens~ons. 
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FIGURE. 34 
( 2) . ( ' -1) 6 I, e curves, for a f1xed shear rate q = 90 s. , for a 59. % 
concentration by weight deflocculated Dinkie Special suspension. 
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FIGURE 35 
Theoretical (I, q) curves obtained using the Oldroyd model 
n = 1.5, 
0 
;~. 1 = 0.014, ~ = 0.0015. 0 
Experimental conditions correspond to those of Figure 18. 
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FIGURE 36 
(I, w) curves, subject to fixed E (= 0.009) and q varying, for a 
59.6% concentration by weight deflocculated Dinkie Special suspension 
~ theoretical predictions based on equation (5.27). 
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FIGURE 37 
(I, q) curves for e = 0.009 - experimental data for a 64.6% 
concentration by weight deflocculated Dinkie Special suspension. 
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viscous-inelastic theoretical curve based on equation (5.34). 
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0 
---- values obtained from Fig. 21 
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FIGURE 38 
Theoretical (I, q) curves obtained using the Oldroyd model. 
n = 2.5, 
0 
Al = 0.015, A2 = 0.008, ll = 0.0019. 0 
Experimental conditions correspond to those of Figure 37. 
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FIGURE 39 
(I, q) curves for e = 0.009 - experimental data for a 67.0% 
concentration by weight deflocculated Dink ie Special suspension. 
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viscous-inelastic theoretical curve based on equation (5.34). 
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FIGURE 40 
Theoretical (I, q) curves obtained using the Oldroyd model. 
n = 5.0, 
0 
>.. 1 = 0.017, >..2 = 0.009, lJO = 0.0035. 
Experimental conditions correspond to those of Figure 39. 
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FIGURE 41 
(I, q) curves for e = 0.007 - experimental data for a 71.8% 
concentration by weight deflocculated Dinkie Special suspension. 
---viscous-inelastic theoretical curve based on equation (5.34). 
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FIGURE 42 
(I, q) curves for £ = 0.009 - experimental data for a 70.4% 
concentration by weight deflocculated Dinkie Special suspension. 
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viscous-inelastic theoretical curve 
d2T 
0 
---- values obtained from Fig. 23. 
dq2 
= 961.0 dyne cm. /micron 
1090.6 dyne 2 = cm. s. 
= 2.5 
10 
=-2 
based on equation (5.34). 
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-FIGURE 43 
Theoretical (I, q) curves obtained using the Pipkin model. 
>.. 3 = 0.004, ).4 = 0.016. 
Experimental conditions correspond to those of Figure 41. 
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fiGURE 44 
(I, q) curves, de tails being the same as for Fig. 42 but over a 
-1 
reduced shear rate · range, q ~ 0-300 s. 
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FIGURE 45 
Experimental (FF, w) curves for a 71.8% concentration by weight 
deflocculated Dinkie Special suspension. 
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FIGURE 46 
Experimental (I, q) curves for fixed a1 (= 0.03 rad.) for a 70.4% 
concentration by weight deflocculated Dinkie Special suspension. 
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FIGURE 47 
Experimental (I, w) curves for fixed a1 (= 0.03 rad.) for a 70.4% 
concentration by weight deflocculated Dinkie Special suspension. 
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FIGURE 48 
Experimental (I, q) curves for fixed a1 (= 0.03 rad.) for a 71.8% 
concentration by weight deflocculated Dinkie Special suspension. 
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FIGURE 49 
Experimental (I, w) curves for fixed a 1 (= 0.03 rad.) for a 71.8% 
concentration by weight deflocculated Dinkie Special suspension. 
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FIGURE 50 
(I, q) curves, details being the same as for Fig. 41 but over a 
greater frequency tange. 
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FIGURE 51 
Theoretical (I, q) curves obtained using the Oldroyd model. 
n
0 
= 9.0, x1 = cLo22, x2 = 0.013, ]J = 0.006. 0 
Experimental conditions correspond to those of Figure 42. 
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FIGURE 52 
Theoretical (I, q) curves obtained using the Pipkin model. 
1..3 = 0.003, "4 = 0.022. 
Experimental conditions correspond to those of Figure 42. 
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